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Preface
This dissertation details the first critical step toward a practical dual-mode detector
material by developing optically transparent, Li-containing ceramic bodies that are
potential candidates to replace current materials that are inefficient, hygroscopic, and
challenging and expensive to produce. This preface describes the organization of this
dissertation by detailing the primary components of each chapter.
The first chapter in this dissertation introduces a need of the nuclear security industry
through discussion of the relatively small quantity of work done in advancing the field of
dual-mode detector materials. The current state of the art dual-mode detector materials
are discussed and the primary properties for selection of potential dual-mode detector
compositions are described.
Chapter 2 focuses on the composition selection process that led to the focus on
Li5 La3 Ta2 O12 (LLTaO) of this dissertation project. A brief background of the family of
Li-containing garnets that is the basis of this work is provided to understand the similarity
of the desired materials properties between solid-state electrolytes for Li-ion batteries and
dual-mode detector materials. These properties are then connected to the synthesis of
transparent polycrystalline ceramics and a brief description of a general path towards this
synthesis is described.
The third chapter focuses on the specific experimental methods used in this work. The
compound synthesis, initial consolidation, sintering and characterization processes used
in this research are described in detail. Steric entrapment, co-precipitation and sol-gel
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synthesis procedures are laid out as well as the processes for uni-axial hot-pressing, and
hot isostatic pressing.
In chapter 4, the different compound synthesis methods are attempted and the steric
entrapment, co-precipitation and sol-gel methods are investigated for compatibility with
these Li-containing garnet materials. The final compound synthesis method chosen for
the remainder of this work is decided and the reasons for this decision are detailed.
The fifth chapter focuses on the methods used to compensate for the volatility of
lithia during the compound synthesis and initial consolidation processes. The thermal
boundary conditions for these processes are investigated and a final recommendation for
the approach to compensating for lithia volatility is made.
Chapter 6 focuses on the effects of the initial consolidation conditions on optical
transparency of these LLTaO ceramics. The modifications to the previously described
processes necessary to achieve optically transparent ceramics are established. The first
un-doped, Ce-doped, and Pr-doped Li5 La3 Ta2 O12 transparent ceramics are produced,
and the first detection of gammas and alphas by a Li-containing transparent ceramic is
reported.
The final chapter, chapter 7, summarizes the advancements made in the previous
chapters and makes recommendations for future development of these Li-containing
garnets for dual-mode detectors.
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Abstract
In the field of nuclear security, the ability to detect neutrons is a critical part of the
prevention of the smuggling of illicit nuclear materials. The use of dual-mode detector
would drastically reduce the number of passive detector systems necessary to meet the
detection needs of the nuclear security industry. Li-containing scintillators have been
researched for over 70 years; however, relatively few efficient dual-mode detector materials
have been discovered. The currently available Li-containing scintillators are relatively low
density, very difficult to grow, and highly hygroscopic. These limitations make the widespread use of Li-containing scintillators as dual-mode detectors inefficient and expensive.
The ideal dual-mode detector material should be a non-hygroscopic optically transparent compound with a high Z-effective, high density and a high Li content that can be
produced using a scalable, cost efficient synthesis process. Currently, no such material
is available, and, as such, one goal of this dissertation is to provide a foundation for
discovering novel potential materials. In this pursuit, the author believes that new and
emerging research on Li-containing garnets being done in the field of solid-state Lielectrolyte materials could be the genesis of a novel set of dual-mode detector materials.
Due to challenges related to the high melting point, and lithium volatility of the proposed
materials, traditional single crystal growth methods commonly used for scintillation
materials (e.g. Chzocralski and Bridgman growth) are not practical, and so an alternative
approach that does not require high temperatures is necessary. The alternative approach
chosen in this work is the synthesis of transparent ceramics, as the methods traditionally
used in this approach provide a route that does not require high temperatures and can be
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modified to limit or compensate for complications from the volatility of lithia. This work
aims to initiate a critical step toward a practical dual-mode detector material by developing
optically transparent, Li-containing ceramic bodies that could potentially be activated
with Ce or Pr.
In this dissertation, steric entrapment, co-precipitation and sol-gel synthesis methods
are investigated for their applicability in the synthesis of Li-containing garnet precursor
powders. Powders are then consolidated via uni-axial hot-pressing, and the conditions
for this consolidation are studied to develop a procedure for synthesizing transparent
Li5 La3 Ta2 O12 ceramics. Ultimately, un-doped, Ce-doped, and Pr-doped Li5 La3 Ta2 O12
transparent ceramics are produced and the first detection of gammas and alphas by a
Li-containing transparent ceramic is reported.
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Chapter 1
Radiation Detection for Nuclear Security
Applications
The spread of nuclear power, and the fear of proliferation of nuclear weapons has led to an
increasing importance in the ability to detect, localize and identify nuclear material. This
has resulted in the desire for higher performance radiation detection systems while further
emphasizing the need for economically viable options.

1.0.1 Passive Detection
The IAEA describes three different forms of passive detection systems used in security
applications: personal devices, hand-held systems and fixed installations.[6] These small
detector systems are typically utilized to localize or identify a source after detection by
a fixed installation. In order to be able to localize a source these small passive systems
must have a high detection efficiency, as a result, the scintillation materials for hand-held
systems must be dense and have a high effective atomic number. For the identification
of an unknown source using gamma-ray spectroscopy, the scintillation material must
have a sufficient energy resolution to differentiate between individual gamma-ray peaks
characteristic of the unknown isotopes.
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Historically, the standard for the passive detection of thermal neutrons has been He-3
filled proportional counters. A standard He-3 counter consists of a pressurized tube of He-3
gas with a high voltage across a cathode along the outer wall of the tube and a wire anode
passing through the center of the tube. When an incident thermal neutron is captured by a
He-3 atom, a triton and a proton are produced which in turn causes ionization of the gas
resulting in a charge proportional to the energy of the He-3 neutron capture reaction to be
collected.[7] One limitation of the use of He-3 counters is the limit on the production of
He-3. The main source of He-3 has been from the purification process of tritium for the
nuclear stockpile as He-3 is a product of the beta decay of tritium.[8] As arms reduction
has moved forward, the production of tritium in the United States has slowed, resulting in
a shortage of available He-3 and increasing the interest in alternative neutron sensitive
detector materials.

1.1 State of the Art Scintillators for Nuclear Security Applications
Scintillators have found multiple uses in nuclear security applications from large sized
plastics (e.g. polyvinyltoluene (PVT)) and NaI:Tl plates for portal monitors to materials
such as LaBr3 :Ce, CsI:Tl and SrI2 :Eu used in small hand-held detectors used for gammaray spectroscopy. The different applications for scintillators in nuclear security can be
broken down in to two categories, passive detection and active interrogation. The different
applications of passive detection methods and the state of the art scintillators being used
in these applications will be discussed in this section.

1.1.1 Dual-mode Detectors
In the field of nuclear security the ability to detect neutrons is critical as neutrons are more
difficult to shield compared to γs in attempts to smuggle illicit nuclear materials. A dualmode detector is a detector material that has the capability of detecting both neutrons as
2

well as γs. The use of dual-mode detector would drastically reduce the number of passive
detector systems as currently separate detectors are used for gamma and neutron detection
in both hand-held systems (eg. NaI:Tl and He-3) and fixed installation (eg. PVT and He3) applications. A common method used to detect neutrons in a dual-mode detector is
through the use of an isotope with a high neutron capture cross section that converts the
neutron into a form of ionizing radiation that then deposits energy in the material. Table
1.1 shows the different isotopes with thermal neutron cross-sections comparable to He-3.
From this information, it is quickly evident that there are not many different options. The
two that have been primarily used are Li-6 and B-10 as the high energy γ products of the
Hf-174 and Gd-157 neutron capture reaction often do not have a full energy depostion
in a dual-mode detector of a practical size. Of the two remaining candidates, B-10 and
Li-6, the reaction Q-value for the Li-6 neutron capture reaction is twice that of B-10 and
has favorable reaction products that readily deposit all of their energy in a relatively small
area. As a result, Li-containing dual-mode detector materials, specifically Li-containing
scintillators, have been researched for over 70 years. During this time, relatively few
efficient dual-mode detector materials have been discovered.

1.1.2 Li-containing Scintillators
To understand the mechanisms behind using activated Li-containing materials as neutron
sensitive scintillators, it is important to first understand the reaction that is responsible of
conversion of energy from the incident neutron to a radiation that subsequently ionizes the
scintillator. The reaction of interest to the neutron sensitivity of Li-containing scintillators
is the (n,α) reaction of 6 Li that has a relatively high Q-value of 4.78 MeV. In this reaction an
incident neutron reacts with a 6 Li atom resulting in the emission of an α-particle and a
tritium atom (3 H or T). This reaction has a thermal cross-section of approximately 936 b
compared to the elastic scattering cross-section of 0.736 b, which results in good detection
probabilities for thermal neutrons in Li-containing scintillators.[9] The cross-section as a
function of incident neutron energy for the 6 Li (n,α)3 H reaction is shown in Figure 1.1. This
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Table 1.1: The different isotopes with potential for use in the detection of thermal neutrons, their natural abundances, thermal
cross sections, and the reaction products.
Isotope
3

He

Natural Isotopic Abundance

Thermal Cross section (barns)

Reaction Products and Q-value

0.0014%

5330

H + p (0.76 MeV)
Li + α (2.79 MeV)(6%)
7 ∗
Li + α (2.31 MeV)(94%)
γs(7.94 MeV)
γs(6.709 MeV)
3
H + α(4.78 MeV)

3

7

10

B
Gd
174
Hf
6
Li
157

19.9%
15.65%
0.18 %
7.6%

3837
3840
1,500
937
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Figure 1.1: The cross-sections of the (n,α) reaction in 6 Li as a function of incident neutron energy from multiple databases via
the JANIS 4.0 Nuclear Data Information System.
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cross-section data is available through numerous nuclear databases such as the ENDF/BVII.1, TENDL-2015 and the JEFF-3.2. The 6 Li (n,α)3 H cross-section is much higher for
lower energy neutrons with a resonance peak around 250 keV.
While the reaction of interest in Li-containing scintillators is the 6 Li (n,α)3 H reaction,
there are two naturally occurring stable isotopes of lithium, 6 Li and 7 Li , with 5% and
95% natural abundance, respectively. This allows for the isotopic enrichment of natural
lithium in order to increase the efficiency of detection of neutrons which has been done
by ion exchange chromatography and ion separation by laser irradiation.[10][11] These
methods have enabled the enrichment of 6 Li up to 99% which allows for a much more
efficient neutron detection system. However, the process is relatively expensive resulting
in a limitation in the amount of research done on enriched 6 Li scintillators.

Lithium Iodide
Schenck demonstrated the detection of neutrons using a lithium-loaded scintillator for
the first time in the early 1950’s and the topic has since become a prominent topic in the
scintillator community. Schenck first reported growing a single crystal LiI activated by
0.05 mol% europous chloride in May of 1953. He reported a transparent single crystal
that exhibited a strong blue luminescence when excited by 253.7 nm UV light, which was
then exposed to both neutron and gamma radiation to test the respective response.[12]
The pulse height spectrum found in Figure 1.2 shows a resolution of 6% with respect to
the response of the europium-doped LiI to a stream of slow neutrons from a poloniumberyllium source moderated by paraffin with the associated gammas being shielded by
three inches of lead.[13] This result demonstrates the capability of LiI to be used as a
neutron sensitive scintillator and has been the basis of further investigation by many other
researchers.
Schenck’s initial discovery of LiI:Eu (0.05 mol% europous chloride) showed a luminescence efficiency of only 36% of the industry standard thallium-doped sodium iodide
(NaI:Tl). Syntfeld et al. reported the performance of commercially available LiI:Eu crystals
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Figure 1.2: A pulse height spectrum illustrating the response of the europium doped LiI to
a stream of slow neutrons from a polonium-beryllium source moderated by paraffin with
the associated gammas being shielded by three inches of lead.[13]
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in 2005. The pulse height spectra of a 50 mm diameter LiI:Eu crystal when exposed to a
Cs-137 source showed the light yield of this crystal was reported to be rather low at 1.5x104
ph/MeV- γ with an energy resolution of 7.5% at 662 keV showing little improvement in
crystal performance since Schenck’s initial discovery.[14] Further research into europiumdoped LiI showed that the optical transparency of the crystal decreased significantly
with increasing the europium concentration above 0.1 mol%. However, in February 2017
Boatner et al. reported improvements in the optical transparency of LiI:Eu (3 mol%)
through the elimination of Suzuki-Phase precipitates using a two-step post-growth thermal
treatment process.[2] The activator concentration for divalent activators in a monovalent
alkali halide host, such as the activation of LiI by europium-doping, has been limited to
levels below 0.1 mol% due to the formation of Suzuki-Phase precipitates. These SuzukiPhase precipitates scatter light emitted by the scintillator degrading the performance of the
material. Boatner et al. found that these precipitates could be removed through heating
the material in a dry gas (high-purity Ar or Ar+ 4% H2 gas) until the material is optically
clear and then quenching the material in a flowing helium-gas at a rate of 100C/min.
Through this thermal treatment process, Boatner et al. reported the elimination of the
light scattering precipitates for europium concentrations up to 5% in LiI. This new upper
limit for europium-activator concentration results in an increased scintillation efficiency
and higher light yield achievable for LiI:Eu.
A recent advance in the use of LiI as a scintillator has come from Saint Gobain in the
form of lithium-codoping of NaI:Tl (NaIL). Yang et al. reports that due to NaI and LiI mixing
to form a solid solution, a large range of Li-codoping concentrations are possible.[15] Due
to the variable concentration available with incorporation of Li in the NaIL material, the
neutron detection efficiency can be tuned for the desired application at the cost of some
scintillation performance. Using pulse shape discrimination (PSD), Yang et al. reports
that the neutron-gamma discrimination capability of the NaIL material is comparable to
that of epasolite single crystal and PSD plastic scintillators. This is the result of the high
probability that a neutron interacting in a NaIL scintillator, will interact with a 6 Li atom as
it’s cross-section (940 barns) is much higher than the cross-sections of Na and I (0.53 and
8

6.15 barns, respectively). The combination of the decent gamma scintillation spectroscopy
of the NaI, the high neutron detection efficiency of the LiI and the good neutron-gamma
discrimination through PSD, makes NaIL a promising new material for dual detection
applications.[15]

Li-containing Elpasolite Scintillators
In 1999, the discovery of Cs2 LiYCl6 by Combes et al., re-invigorated the interest in dualmode scintillators after the significant dopant limitations of LiI:Eu were realized. Cs2 LiYCl6
(CLYC) is an intrinsic scintillator, with a broad, low-intensity emission attributed to selftrapped exciton emission, similar to what has been observed with other chlorides.[16]
In his inaugural paper, Combes et al. discovered that CLYC could also be activated by
Ce3+ -doping, which had a significant increase in light yield and decrease in decay time
over un-doped CLYC.
Since the initial discovery of CLYC, a lot of research has been conducted on this family
of Li-containing elpasolites. The discovery of a very fast decay component from only
gamma-ray interactions in these Li-containing elpasolites, correlated to a core-valence
luminescence, enabled the use of pulse shape discrimination (PSD) to discriminate
between gamma-ray events and neutron capture events.[17] Since this revelation, several
members of the Li-containing elpasolite family, Cs2 LiYCl6 (CLYC), Cs2 LiLaCl6 (CLLC),
Cs2 LiLaBr6 (CLLB) and Cs2 LiYBr6 (CLYB), have been shown to be capable of pulse shape
discrimination.[18] After a considerable amount of effort, CLYC crystals up to 2 inches
in diameter with an energy resolution of 4.1% at 662 keV were able to be grown and
commercialized by Radiation Monitoring Devices Inc. (RMD) in 2012.[19]
A table comparing the gamma-ray excited properties of NaIL, LiI and dual-detection
epasolites scintillators can be found in Table 1.2. While comparison of the gamma response
of these different materials is fairly straight-forward, a direct comparison of the neutron
response of these different materials is not currently possible due to a lack of published
data with consistent 6 Li enrichment levels.
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(a) Bridgman grown Li I : Eu 2+ (3 mol%) before (left) and after (right) the removal of
Suzuki-phase precipitates

(b) Optical transmission of Li I : Eu 2+ (3 mol%) before (Opaque) and after (Transparent)
the removal of Suzuki-phase precipitates

Figure 1.3: Images and optical transmission of Li I : Eu 2+ (3 mol%) before (Opaque) and
after (Transparent) the removal of Suzuki-phase precipitates by a two-step post-growth
thermal treatment process by Boatner et al.[2]
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Table 1.2: A comparison of gamma scintillation performance of Li-containing scintillators. Due to inconsistencies in 6 Li
enrichment levels across different compositions, direct comparison of neutron response of these scintillators is not possible.
Scintillator

Density
(g/cm 3 )

Crystal
Structure

Z-effective

Light Yield
(photons/MeV)

Decay Time
(ns)

Emission Peak
(nm)

E.R.
(% FWHM @ 662 kev)

C s 2 Li Y C l 6 : C e (CLYC)[20]
C s 2 Li LaBr 6 : C e (CLLB)[21]
LiI:Tl[22]
LiI:Eu[14]
NaI:Li,Tl (NaIL)[15]

3.31
4.2
4.08
4.08
3.66

Cubic
Cubic
Cubic
Cubic
Cubic

54
58
52
52
56

21,000
50,000
14,000
15,000
35,000

35 + slow
55 + >270
185 + 1,089
Not Available
240 + 1,400

490
390; 420
470
475
419

6
5
8.5
7.5
6.6
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1.2 Ceramic Scintillator Properties
In order to understand the selection process for potential new dual-mode ceramic
scintillator materials, it is important to understand some of the key properties and their
effects on scintillation performance. This sections briefly describes the main properties
considered during this selection process.

1.2.1 Gamma Ray Stopping Power
The scintillation process starts with the ionization of the material, through photoelectric
absorption, compton scattering or pair production,by an incident gamma ray which results
in the excitation of the luminescent centers in the scintillator material which then deexcites emitting a scintillation photon.[23] In order for this process to be efficient for
radiation detection, the scintillator material must effectively absorb energy from incident
gamma rays. The ability of a material to absorb energy from gamma irradiation is related
to the gamma ray attenuation. The gamma ray attenuation for a scintillator should
be maximized which is achieved by maximizing the density and the mass attenuation
coefficient of the scintillator. The mass attenuation of the scintillator is the weighted sum
of the mass attenuation coefficients of the scintillators elemental composition. This result
and the increased probability of photoelectric absorption with increasing atomic number,
has led to the use of high atomic number elements in scintillator compositions.

1.2.2 Transparency
After the recombination of electron hole pairs at a luminescent center in the scintillator, a
photon is emitted isotropically and is reflected and scattered until it reaches the photodetector where it is absorbed. The ideal scintillator should be transparent such that
the scintillation photons can be efficiently transported through the scintillation material
to the photo-detector. The transparency of a ceramic scintillator, measured by either
the transmission or absorption of light, is one of the main challenges in their synthesis.
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This is a result of either residual porosity, grains close in size to the emission wave
length or randomly oriented grain boundaries (for non cubic materials) in the ceramic.
Randomly oriented grains reduce the transparency for non cubic materials because of
birefringence, the optical property where the refractive index of a material depends on the
polarization and the propagation direction of the light. In a non-cubic material, randomly
oriented grains lead to neighboring grains having different indexes of refraction for the
same direction photon. This difference in the refractive index of neighboring grains in
the ceramic leads to translucency and a decrease in the transmission of light.[24] For
this reason, cubic materials are ideal for transparent ceramics, as the isotropic optical
properties eliminate scattering of light at grain boundaries due to birefringence.

1.3 Scope of Work
The ideal dual-mode detector material should be non-hygroscopic optically transparent
compound with a high Z-effective, high density and a high Li content that can be produced
using a scalable, cost efficient synthesis process. Currently, no such material is available
and the goal of this dissertation is to provide a foundation for discovering novel potential
materials. In this pursuit, the author believes that new and emerging research being done
in the field of solid-state Li-electrolyte materials could the genesis of a novel set of dualmode detector materials. Due to challenges related to the high melting point, and lithium
volatility of the proposed materials, traditional single crystal growth methods commonly
used for scintillation materials (e.g. Chzocralski and Bridgman growth) are not practical
and an alternative approach that does not require high temperatures is necessary. The
alternative approach chosen in this work is the synthesis of transparent ceramics as the
methods traditionally used in this approach provide a route that does not require high
temperatures and can be modified to limit or compensate for complications from the
volatility of lithia. This work aims to initiate a critical step toward a practical dual-mode
detector material by developing optically transparent, Li-containing ceramic bodies that
could potentially be activated with Ce or Pr.
13

Chapter 2
Composition Selection and Transparent
Ceramic Synthesis Methods
Lithium garnets have been the focus of research in the Li-ion battery industry due to the
need for a safe alternative to flammable organic polymer electrolytes that are currently
widely used. In order to be a viable candidate for replacing the current electrolytes, new
solid-state materials must have a high Li conductivity, low electronic conductivity and
are not chemically reactive with electrodes or Li metal. Due to the need for a high Li
conductivity, compounds with high Li content a high degree of symmetry are particularly
promising for solid-state electrolyte materials. For these same reasons, these Li-containing
garnets are also promising for dual-mode detector materials.

2.1 Compound Selection
The first solved structure for a garnet material was the Ca3 Al2 Si3 O12 system by Menzer et al.
in 1928.[25] The garnet structure (space group= I a 3̄d ) was later described by Andersson
et al. as a body-centered cubic rod packing.[26] In this description, Andersson details
that oxygens exist in threefold axes forming infinite rods. These rods are are comprised of
alternating empty "nearly regular triangular prisms" and aluminum centered in octahedral
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coordination. This arrangement accounts for all of the oxygen in the structure and results in
the calcium in eightfold and the silicon in tetrahedral coordination. Through substitutions
of the Ca for Y and the Si for Al, a new garnet chemistry, Y3 Al5 O12 (YAG), is formed. YAG
has been extensively studied as materials for laser and scintillation materials as the cubic
garnet structure provides high degrees of symmetry allowing for isotropic optical properties
and the Y site is easily doped with activators such as Nd or Ce.[27][28]
The Li-containing garnet family was first investigated for these materials because of
their mechanical properties and thermal stability. The evolution of the Li-containing
garnets derived from the most studied garnet, YAG, can be found in Figure 2.1.[29] The Licontaining garnets are derived from the conventional YAG structure through the following
substitution given for the general compositions:

A 3I I B 2I I I (AlO 4 )3 → A 3I I B 2I I I (LiO 4 )3

(2.1.1)

The large family of Li-containing garnets that has been extensively researched as solidstate electrolytes for Li-ion batteries, has become a very interesting group of materials
being considered for transparent ceramic dual-mode scintillators. While a full investigation
of their use as dual-mode scintillators has not been done, preliminary studies in to the
luminescence of a couple of the compositions have been reported. These include the
investigation into the luminescence of Li7 La3 Zr2 O12 :Ce by Trofimov et al., Li3 Y3 Te2 O12 :Eu3+
by W. Zhang et al., Li5 La3 Nb2 O12 :Eu3+ by X. Zhang et al. and Li7 La3 Hf2 O12 :Nd3+ ,Ho3+ by
Baklanova et al..[30, 31, 32, 33] To the best of our knowledge there have only been two
reports of producing transparent ceramics from this family of materials. Suzuki et al.
reported the synthesis of transparent Li7 La3 Zr2 O12 ceramics through stabilizing the high
temperature cubic garnet phase at room temperature by Al2 O3 doping using hot isostatic
pressing.[34] Sharafi et al. reported the synthesis of transparent Li6.25 La3 Al0.25 Zr2 O12
polycrystalline ceramics uni-axial rapid induction hot pressing.[35] The high temperature
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Figure 2.1: The evolution of the Li-containing garnet family extensively researched for
Li-ion electrolyte materials.[29]
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cubic garnet phase of Li7 La3 Zr2 O12 can be stabilized at room temperature through the
substitution of Ta for Li and Zr to form Li7-x La3 Zr2-x Tax O12 .[36]
The phase equilibria of the LiO2 -La2 O3 -Ta2 O5 system was explored by Hayashi et al.
and the Li7 La3 Ta2 O13 and LiLa2 TaO6 phases were first reported. Figure 2.2 shows the phase
diagram of the LiO2 -La2 O3 -Ta2 O5 ternary system as reported by Hayashi et al.. Based on
X-ray diffraction data the Li7 La3 Ta2 O13 was reported to be isostructural to Li7La3Nb2O13
crystallizing in the cubic crystal system in space group I a 3̄d (230) with a = 12.86 Åand
LiLa2 TaO6 was reported to have X-ray powder diffraction similar to LiLa2 IrO6 , an ordered
orthorhombic perovskite, but due to the difference in ionic radii between Ta and Ir the unit
cell is slightly deformed resulting in monoclinic lattice.[37] While not initially reported in
the phase diagram in Figure 2.2, there are fifteen different entries in the Inorganic Crystal
Structure Database (ICSD) for Li5 La3 Ta2 O12 with the majority reporting a cubic structure
with space group I a 3̄d with a u 12.8Å. [38][39][40][41][42][43] Due to the challenges
related to detecting Li using X-ray diffraction, neutron diffraction measurements have
been made of Li5 La3 Ta2 O12 using isotopically enriched Li-7.[38][44] Figure 2.3 shows the
crystal structure of the Li5 La3 Ta2 O12 garnet showing La in dodecahedral, Ta in octahedral,
and Li sitting in tetrahedral and octahedral coordinations. Comparing this structure to
the YAG structure, the La atoms replace the Y atoms on the 24c site, the Ta atoms replace
the Al 16a sites, and the Al 24d sites are 80% replaced with Li atoms while the remainder
remain as vacancies. These replacements, however, necessitate additional Li atoms for
charge balancing and Cussen et al. and Wang et al. determined these additional Li atoms
to be distributed in partially occupied sites resulting in Li clusters.
From this extensive research of the Li-containing garnets, Li5 La3 Ta2 O12 (LLTaO) and
Li7 La3 Zr2 O12 (LLZO) are two particularly interesting candidates for their cubic structure,
non-hygroscopicity and higher Li content, Z-effective and density than the commercially
available dual-mode scintillators. The additional possibility of an intrinsic tantalate
related scintillation emission like those reported by Bourret et al. further increase the
possibilities of LLTaO as a ceramic dual-mode detector material.[45] While there has been
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Figure 2.2: The phase diagram of the ternary LiO2 -La2 O3 -Ta2 O5 as reported by Hayashi et
al.[3]
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Figure 2.3: Crystal structure of the Li5 La3 Ta2 O12 garnet showing La (blue) in dodecahedral,
Ta (brown) in octahedral, and Li (green) sitting in tetrahedral and octahedral coordinations.
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some efforts towards developing Li-containing garnets as luminescent materials and LLZO
as a transparent ceramic, there has not been a deep investigation into the full range from
x=0 to x=2 of Li7-x La3 Zr2-x Tax O12 as dual-mode ceramic scintillator. This range of tantalate
to zirconate could open the possibility of developing a tune-able dual-mode transparent
ceramic scintillator and will be the focus for this work.

2.2 Transparent Ceramic Synthesis Methods
While there are many techniques used in the synthesis of ceramic scintillators, the main
methods are uni-axially hot-pressing, spark plasma sintering, and hot isostatic pressing.
These methods, their usage in the synthesis of ceramic scintillators and the differences in
the performance of single crystal and polycrystalline scintillators will be discussed in this
chapter.
The properties that directly effect the performance of a ceramic scintillator are
dependent on its microstructure, which can be controlled through different synthesis
techniques. Sintering is a heat or pressure treatment process where strong inter-particle
bonding densifies a powder into a polycrystalline ceramic. Figure 2.4 shows the general
procedure for the synthesis of transparent ceramics in which the process is broken
down into 4 steps: Powder Synthesis, Sintering, Removal of Residual Porosity and Postprocessing.

2.2.1 Compound Synthesis
In each of these techniques, the quality, purity and particle size of the powder plays a
critical role in the performance of the end ceramic. For transparent optical ceramics it is
generally necessary to have high quality and purity powders of the correct phase and of
small average particle size. While specific compound synthesis techniques are required
for each scintillator composition, the powder preparation techniques are often similar.
Pre-synthesized powders are generally either hand ground, cryo-ground or ball milled and
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Figure 2.4: The general work flow for the synthesis of transparent ceramics with different techniques listed for each step.
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screened to obtain an un-agglomerated powder with an average particle size on the order
of µm to nm. This small average particle size is required to minimize grain growth in the
sintering process which aids in the removal of residual porosity for optically transparent
scintillators. In general, the temperatures required during the compound synthesis process
are ideally kept as low as possible to minimize grain growth and agglomeration and
compound synthesis methods that favor lower temperature synthesis typically result
in finer powder sizes. In addition to the benefits in powder size and morphology of lower
temperature synthesis methods, the rate of anti-site defects typically found in garnet
scintillators such as YAG and LuAG should be less.[46]

Solid State Synthesis
Solid state synthesis has been widely used as a quick and relatively simple means of
producing uniform, single phase powders or powder compacts for screening of material
properties. The simplest form of solid state synthesis is the mixing powder reactants and
heating for extended periods of time to achieve the desired composition. There are several
factors that effect the rate of the reaction, primarily the surface area of powder reactants
and the chemical stability of powder reactants. Since the driving force behind the solid
state synthesis method is the solid state counter diffusion of ions between particles, the
reaction tends to be slow.[47] In order to increase the speed and efficiency of solid state
synthesis, powder reactants are typically ball milled together to decrease average particle
size and increasing mixing of powders. For the synthesis of many oxides, carbonate, acetate
and nitrate reactants are often selected as a result of their decomposition reducing particle
size before reaching reaction temperatures, and the decomposition into gasses aiding
in the mixing of other solid reactants. One of the limitations of the solid state synthesis
methods due to the slow atomic level diffusion is the grain growth during synthesis. As a
result the production of small particle sizes, often desired for transparent ceramic synthesis,
is constrained to the periphery of mechanical particle size reduction techniques such as
ball milling. Even through the limitations of particle/grain size of solid state synthesis, it
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has been shown to be an effective method for production of novel materials for preliminary
screening. Voloshyna et al. and Meng et al. have reported on the use of solid state synthesis
to screen optical, scintillation and structural properties of gadolinium and yttrium tantaloniobates and co-doped Gd3 Ga3 Al2 O12 :Ce .[48][49]
Sol-Gel Processing
Since the discovery of the first silica gels by M. Ebelman in 1845, the sol-gel process
has come from what was originally thought of only a matter of scientific interest to
a fundamental construct that has enabled a wide range of research from catalysis to
technical ceramics.[50] The sol-gel process is the range of processes that take liquid
precursors, transform them into a colloidal suspension (a sol), and then ultimately form
a network structure (a gel). While there are a number of different forms of the sol-gel
process, the main form relevant to this work is the formation of gels via the hydrolysis and
condensation of alkoxides which was broken down by Danks et al.,in the review paper
"The evolution of ’sol-gel’ chemistry as a technique for materials synthesis", in to 5 key
steps: 1.) "Synthesis of the ’sol’ from hydrolysis and partial condensation of alkoxides. 2.)
Formation of the gel via polycondensation to form metal-oxo-metal or metal-hydroxymetal bonds. 3.) Syneresis or ’aging’ where condensation continues within the gel network,
often shrinking it and resulting in expulsion of solvent. 4.) Drying the gel either to form
a dense ’xerogel’ via collapse of the porous network or an aerogel through supercritical
drying. 5.) Removal of surface M-OH groups through calcination at high temperature up
to 800 C (if required)."[51] Through controlling the pH of the solution and the water to
alkoxide ratio, the rate of hydrolysis can be controlled allowing for a degree of influence
over the structure of the forming gel. The rates of hydrolysis and condensation can also
be reduced by the use of a chelating ligands such as oxalic acid or acetylacetone which
is vital to controlling the rate of hydrolysis of certain metal alkoxides to prevent vigorous
reactions.
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The sol-gel process offers several advantages over conventional solid state synthesis
in the synthesis of transparent ceramic scintillators and thin films including: greater
particle size control, more homogeneous distribution of dopants, and lower calcination
temperatures. For rare-earth doped scintillators, the homogeneous distribution of dopants
can have a significant impact on the scintillation performance, due to the possible increase
in quenching concentrations as a result of the higher average distance between activator
sites.[52]

2.2.2 Initial Consolidation
The second step in the transparent ceramic synthesis process, initial consolidation, is the
densification of the powders into a polycrystalline ceramic. In the initial consolidation
stage, the fine powder particles are compacted and heated, leading to sintering through
the diffusion of material and grain growth. The six mechanisms responsible for the
consolidation of mass during the sintering process that can be seen in Figure 2.5 can
be split into two categories: densifying mechanisms and non-densifying mechanisms.
The densifying mechanisms are: grain boundary diffusion, lattice diffusion from the grain
boundary and plastic flow, while the non-densifying mechanisms are: surface diffusion,
lattice diffusion from the surface and vapor transport. The non-densifying mechanisms
reduce the rate of the densifying mechanisms by reducing the curvature of the neck that
builds between two crystallites.[53]

Uni-axial Hot-pressing
The hot pressing method is a common powder metallurgy process that utilizes simultaneous heating and uniaxial application of pressure to create a high pressure, low-strain-rate
sintering environment. The schematic of an induction heated hot press is shown in
Figure 2.6[54] Inductively heated and resistively heated hot presses used in the production
of ceramic scintillator are often contained inside a water cooled chamber that can be
evacuated or filled with an inert gas. The induction heated hot presses allow for quicker
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Figure 2.5: The different sintering mechanisms in crystalline particles. 1.) surface diffusion,
2.) lattice diffusion from surface, 3.) vapor transport, 4.) grain boundary diffusion, 5.)
lattice diffusion from grain boundary, 6.) plastic flow.[53]
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Figure 2.6: A schematic of a typical induction heated hot press.[54]
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thermal ramp rate which is often ideal in applications in which minimal grain growth
is desired. To measure the rate densification of the ceramic in a hot press the position
and temperature of the hydraulic ram is measured. In Figure 2.7, the ram position and
temperature is plotted as a function of time for the consolidation of a sample at 623 K
performed by LaLonde et al. showing the steps of the sintering process by the hot pressing
method.[54] As the temperature rapidly increases towards the setpoint from 0 to 2 minutes
the displacement of the ram slowly increases which often corresponds with the off-gassing
of moisture or binders in the sample. The rapid increase in the displacement of the ram
from 2 to 4 minutes shows the sintering and consequent rapid densification of the sample.
Ching-Fong Chen et al. report success in fabricating a highly transparent polycrystalline
cerium-doped spinel (MgAl2 O4 :Ce) ceramic, as seen in Figure 2.8, using the hot pressing
method.[55] The high-purity MgAl2 O4 and CeO2 powders were mixed with a sintering
aid, LiF, and milled with deionized water and a high purity alumina grinding media. The
mixture was then dried, hand ground, sifted through a 100-mesh size sieve, loaded into a
grafoil lined graphite die and hot pressed under vacuum at 1600°C and 4000 psi. The hot
pressed samples were then ground down to flat parallel surfaces and polished in order to
accurately characterize the optical transparency of the ceramic. Figure 2.9 shows the optical
transmission spectrum from ultraviolet to infrared of the polished ceramic. The optical
transmission of the ceramic is likely limited by the non uniform grain size found using
scanning electron microscopy and residual porosity possibly a result of inhomogeneity of
the LiF sintering aid.

Spark Plasma Sintering
Spark plasma sintering (SPS) is another method of sintering under pressure, however, it
also utilizes an electric current to activate the sintering process. A typical SPS machine,
like the schematic in Figure 2.10, uses a hydraulic press to apply a uniaxial force on a
sample inside of a die while simultaneously passing a dc current through the ram, die
and the sample if it is conducting.[56] Munir et al. reports that the electric field used
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Figure 2.7: The position and temperature as a function of time of the hydraulic pressing
ram for a sample being pressed at 623 K in an induction heated hot press.[54]
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Figure 2.8: Polycrystalline cerium-doped spinel (MgAl2 O4 :Ce) ceramic produced using
the hot press method, surface ground using a 200 grit diamond wheel, and polished using
diamond paste in a sequence of 15, 9, 6, 3 and 1 µm [55]
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Figure 2.9: The transmission spectrum of the polished polycrystalline cerium-doped
spinel ceramic. The inset shows the transmission across the emission and excitation
wavelengths.[55]

30

in SPS has been shown to have an effect on low-angle grain boundary motion in ionic
crystals, sublimation of alkali halide crystals, however since both temperature and current
are not independent as the result of Joule heating and therefore the effect of current on
the sintering mechanism cannot be differentiated from the thermal effects.[57] While the
role that the dc current has in the sintering mechanism is still the subject of debate, the
effects of the high heating rates and application of pressure allow for processing times on
the order of tens of minutes. Hungria et al. found that as well as decreasing the sintering
time, that the SPS method also decreased the temperature required for sintering BaTiO3
ceramics as compared to traditional sintering methods. The comparison of the sintering
profiles of BaTiO3 ceramics by conventional sintering and SPS is shown in Figure 2.11.[58]
This decrease in sintering temperature and sintering time, allows for finer control of grain
growth in the ceramic than traditional method as well as faster production rates.
Cutler et al. reported the production of polycrystalline Praseodymium-doped Lutetium
Aluminum Garnet (LuAG:Pr) ceramics, by the SPS technique using pre-reacted flame-spray
pyrolysis powder, that was optically transparent with scintillation characteristics similar to
that of its single crystal counterpart. The flame-spray pyrolisis (FSP) technique uses Lu,
Al and Pr-based salts disolved in an organic solvent that is then combusted in a methane
and oxygen flame to produce a spherical powder. Figure 2.12 shows the LuAG:Pr ceramic
produced by SPS that was then cut in half and the left half was annealed in a vacuum for
48 hours to remove carbon impurities from the grafoil coated graphite die of the SPS.[59]
Cutler et al. compared the radio luminescence, absolute light yield and absorption spectra
of the SPS ceramic to a Czochralski grown single crystal grown at the Scintillation Materials
Research Center (SMRC) and a micro pulling down single crystal grown at Furakawa in
Figure 2.13, 2.14 and 2.15 respectively. The radio luminescence spectrum for the SPS
ceramic follows the same shape as both the SMRC and the Furakawa spectrum, however
the intensity of the peak is much lower as a result of a lower light yield and lower dopant
concentration in the SPS ceramic than the single crystals. The lower concentration of
dopant in the SPS crystal also results in a lower absorbance of the Pr3+ 4f-4f transition than
the 4f-5d and 4f-4f absorption seen in the single crystals.
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Figure 2.10: A schematic of a standard spark plasma sintering (SPS) machine.[56]
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Figure 2.11: A comparison of the sintering profiles of BaTiO3 ceramics by conventional
sintering and SPS.[58]
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Figure 2.12: LuAG:Pr ceramic produced by SPS that was then cut in half and the left half
was annealed in a vacuum for 48 hours to remove carbon impurities from the grafoil coated
graphite die of the SPS.[59]
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Figure 2.13: Radio luminescence comparison of the LuAG:Pr SPS ceramic, SMRC
Czochralski grown single crystal and the Furukawa micro pulling down grown single
crystal.[59]
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Figure 2.14: Light yield comparison of the LuAG:Pr SPS ceramic, SMRC Czochralski grown
single crystal and the Furukawa micro pulling down grown single crystal.[59]
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Figure 2.15: Light yield comparison of the LuAG:Pr Furukawa micro pulling down grown
single crystal (a), SMRC Czochralski grown single crystal(b) and the SPS ceramic(c).[59]
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Figure 2.16: Schematic of a standard hot isostatic press (HIP)[60]
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2.2.3 Removal of Residual Porosity
Hot Isostatic Pressing
Hot isostatic pressing is a powder metallurgy process in which powders or powder
compacts are heated and subjected to high isostatic gas pressures. This process can
be used to sinter materials or reduce the porosity of pre-sintered ceramics. Figure 2.16
shows the schematic of a standard hot isostatic press (HIP). Hot isostatic pressing has
become the standard in removing residual porosity in ceramics.
Seeley et al. fabricated transparent europium doped lutetium oxide (Lu2 O3 :Eu)
ceramics via vacuum sintering and subsequent HIP’ing from Lu2 O3 :Eu nanopowder
synthesized by the flame spray pyrolysis (FSP) method. The nanopowder was mixed
in a solution, spray dried, sieved, uniaxially pressed, heat treated in air at 900°C, sintered
under a vacuum at temperatures between 1575 and 1850 °C and then HIP’ed at 1850 °C
under 200 MPa argon gas pressure. The resulting ceramics can be seen in Figure 2.17.[4]
Seeley et al. noticed a decrease in the as HIP’ed density of the ceramics vacuum sintered
at temperatures above 1650 °C, which they attributed to residual trapped porosity unable
to be removed by the HIP’ing process. Scanning electron microscopy (SEM) micrographs
were taken of the ceramics both before and after the HIP process and can be seen in Figure
2.18a and 2.18b repsectively.[4] From these micrographs, they were able to deduce that at
vacuum sintering temperatures greater than 1650 °C, rapid grain growth occured resulting
in grains much larger than the residual pores and consequently pore mobility decreases
and pores can become entrapped in grains. The mechanism responsible for the removal
of pores entrapped inside of grains, bulk diffusion is a significantly slower process than
the mechanism for removal of pores at grain boundaries, grain boundary diffusion. This
result shows a limitation in the HIP’ing method that can be overcome by paying specific
attention to grain growth during pre-sintering.
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Figure 2.17: Picture of ceramics after HIP’ing with the scatterometry as a function of
vacuum sintering temperature.[4]
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(a) Before HIP.

(b) After HIP.

Figure 2.18: Scanning electron microscopy (SEM) micrographs of Lu2 O3 :Eu ceramics
before and after HIP.[4]
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2.2.4 Post-Processing
Due to the reducing conditions during sintering, oxide ceramics can become oxygen
deficient after the ceramic synthesis process. The resulting defects from the reduction of
the ceramics, often lead to absorption centers that reduce the transparency of the ceramic.
Often oxide ceramics, reduced during the sintering steps, are subjected to post-processing
steps including annealing in an oxygen-rich environment to recover losses of oxygen. This
same process could be applicable to lithium containing oxides, as during sintering, lithia is
lost and could be replaced by annealing in a lithia rich environment.
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Chapter 3
Experimental Methods
The following chapter describes in detail the methods used for the process used in
the investigation of LLTaO powders and ceramics. Diagrams and pictures are used
to better show details in the individual methods used for both material synthesis and
characterization. The descriptions of some of the methods in this chapter were published
in the Journal of Alloys and Compounds by Joshua Smith et al.. The full citation for
the published work is the following: Joshua P. Smith, Kurt E. Sickafus, Claudia J. Rawn,
Cordell Delzer, Ching-Fong Chen, Charles Melcher,Thermal processing conditions for
the synthesis of near theoretical density Li5La3Ta2O12 ceramics for ceramic dual-mode
detectors, Journal of Alloys and Compounds ,Volume 872, 2021, 159714, ISSN 0925-8388,
https://doi.org/10.1016/j.jallcom.2021.159714.

3.1 Material Synthesis and Sample Preparation
The general process of the different synthesis methods considered to produce the
Li5 La3 Ta2 O12 precursors are described in this section.
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3.1.1 Steric Entrapment Synthesis
The polymeric steric entrapment synthesis (SES) method is a synthesis method first
developed by Kriven et al. that utilizes the physical entrapment of cations in solution
through the light chemical and physical entrapment by the collapse of a polymer such
as polyvinyl alcohol (PVA) or polyethylene glycol (PEG).[61] It has since been used to
synthesize several different compositions including garnets such as Y3 Al5 O12 (YAG), various
silicates, zirconates, aluminates as we as lithium containing materials such as LiFePO4 and
Li7 La3 Zr2 O12 .[62][63]
The SES method relies on the physical entrapment of cations through loose chemical
bonding and mechanical entrapment by the collapse of a polymer network as a solvent
is driven off from a solution. While PVA has been the polymer of choice for hydrous SES
routes, PEG is commonly used as the polymer for anhydrous routes. Figure 3.1 shows the
structure of both PVA and PEG as well as a diagram demonstrating the physical entrapment
of cations in the polymer following removal of the solvent. The physical steps for both
the hydrous and the anhydrous routes are identical and for ease of communication of the
process, the hydrous route will be described in detail.
Figure 3.2 shows a diagram detailing the individual steps in the SES process from
precursors to crystalline oxide. The first step involves dissolving stoichiometric amounts of
metal nitrate precursors in de-ionized water in a beaker stirring on a hot plate. Next, PVA is
slowly added to warm water stirring in a separate beaker on a hot plate. The two solutions
are then covered with aluminum foil and allowed to stir until fully dissolved. Depending
on the metal nitrates used, or if an alternative cation precursor is used, nitric acid is slowly
added to the stirring cation solution until it is clear. Once both solutions are clear and are
fully mixed, the PVA solution is slowly added the the stirring cation solution. The mixture
is allowed to fully mix and then the temperature of the hot plate is increased to 250 °C to
begin the removal of water. The solution is watched to ensure no precipitation occurs and
that water is removed slowly and not at a rapid boil. As water is removed the consistency
of the solution changes from a water-like liquid to a more viscous solution. At this point,
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Figure 3.1: A diagram showing the physical entrapment and structure of PVA and the
structure of the alternative PEG for the non-aqueous route.[61]
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the stirring is shut off, and the beaker is moved into a drying oven in the fumehood set
at 150 °C and left over night. Figure 3.3 shows an image of the solution before and after
drying over night in the drying oven. This expanded foam is then crushed down using
a mortar and pestle, placed into alumina crucibles with alumina lids and then calcined
at 650 °C for 1 hour in a furnace in the fume hood due to the evolution of toxic nitrous
oxide gasses. After calcining, the powder is then crushed and ground in a mortar and
pestle, put in alumina crucibles with alumina lids, and crystallized in a furnace at higher
temperatures. The ratio of cation charge to nitrate to monomer (CC+ :NO3 :OH- ) has a direct
impact on decomposition of the polymer during the calcining and crystallization steps in
the process.

3.1.2 Reverse-strike Co-precipitation
The reverse-strike co-precipitation process that relies on a double displacement reaction
where one of the products is insoluble in the solution which yields uniform powders with
high specific surface area. Equation (3.1.1) shows the general reaction for co-precipitation
synthesis of a rare-earth aluminate system using ammonium carbonate as the precipitate.
In order to prevent coagulation of precipitated powders during the precipitation reaction, a
capping agent is commonly used. The job of the capping agent is to prevent the nucleation
of the precipitation reaction occurring on a particle that has already precipitated which
leads to large particle sizes. This is done through the surface modification of precipitated
powders and many different capping agents can be used to accomplish this goal.

2[RE /Al ](NO 3 )3 (aq) + 3(N H4 )2CO 3 (aq) → [RE /Al ]2 (CO 3 )3 (s) + 6(N H4 )(NO 3 )(aq)
(3.1.1)
The general process for the reverse-strike co-precipitation process using ammonium
carbonate as the precipitant and ammonium sulfate as the capping agent is shown in
Figure 3.4. First, the rare-earth and aluminum nitrates are dissolved in a even mixture of
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Figure 3.2: A diagram showing the steric entrapment synthesis process to produce powders
for the synthesis of precursors powders for transparent ceramics.
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(a) Before drying.

(b) After drying.

Figure 3.3: Samples from steric entrapment synthesis before and after drying in a drying oven at 150 °C in the fumehood
overnight.
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Figure 3.4: A diagram showing a typical co-precipitation process to produce powders for
the synthesis of precursor powders for transparent ceramics.
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de-ionized water and 2-propanol in a large beaker stirring on a hot plate. After the nitrates
are fully dissolved, the ammonium sulfate capping agent is added to the nitrate solution in
a ratio of 5 mol of ammonium nitrate per mol of final product. Quickly after adding the
ammonium sulfate, a precipitate appears which is then re-dissolved through the addition
of excess nitric acid until a pH of around 1. In a separate beaker, ammonium carbonate
is added in a 50% molar excess to the amount of desired final product to a stirring even
mixture of de-ionized water and 2-propanol. Once both solutions are fully dissolved and
evenly mixed, a peristaltic pump is setup to pump the nitrate solution into the precipitant
solution at a rate of 2 mL/min as seen in Figure 3.5. As the nitrate solution is dripped
into the precipitant solution, precipitation occurs instantaneously and slowly changes
the clear solution to a slightly turbid solution (as seen in Figure 3.6) then ultimately to
a completely opaque solution. After the precipitation is completed, the precipitate is
separated via vacuum filtration using a Buchner funnel with a fine filtration paper. The
precipitate is then washed thrice with water in a sonicator, and then finally washed twice
with 2-propanol in a sonicator and vacuum filtered. The washed precipitate is then allowed
to dry for a day in ambient conditions. The dried precipitate is first calcined in a furnace in
a fume at 650 °C and then crystallized in air at an appropriate temperature.

3.1.3 Sol-gel Synthesis
LLTaO precursors with varying chemistry were produced using a sol-gel wet chemistry
approach. The sources for the Li, La, and Ta, metal constituents of LLTaO were as follows:
(1)lithium acetate dihydrate crystalline powder(LiCH3 COO·2H2 O, Sigma-Aldrich, 99.95%
trace metals basis); (2) La2 O3 crystalline powder (All-Chemie LTD., 99.99% trace metals
basis); and (3) tantalum (V) ethoxide liquid (Ta(OC2 H5 )5 , Sigma-Aldrich, 99.98% trace
metals basis). After initial challenges with respect to weighing out accurate amounts of
hygroscopic Ta-ethoxide, a dry box was set up for weighing and passivation of Ta-ethoxide.
Figure 3.7 shows the dry box used which was purged and operated under flowing Ar gas
with a P2 O5 desiccant to remove moisture.
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Figure 3.5: The setup of the peristaltic pump used to add the nitrate solution to the
ammonium carbonate precipitant solution.
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Figure 3.6: The precipitate side of the precipitation reaction approximately 30 minutes
into the precipitation synthesis process.
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Figure 3.7: The dry box used to weigh and passivate Ta-ethoxide prior to use during sol-gel
synthesis.
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First, LiCH3 COO·2H2 O and La2 O3 were dissolved in warm (≈ 50-60°C) 4M acetic acid
(CH3 COOH) in a beaker stirring on a hotplate. In a separate beaker, liquid Ta(OC2 H5 )5
and oxalic acid powder (C2 H2 O4 , Alfa-Aesar, 99.999% purity) were dissolved in warm (≈
50-60°C) isopropanol (CH3 CHOHCH3 , Alfa-Ae-sar 2-propanol ACS reagent, ≥99.5% purity)
stirring on a hotplate. The beaker containing the Ta(OC2 H5 )5 was then slowly poured into
the beaker with the stirring Li-acetate solution. This addition step was first done by slowly
pouring from one beaker into the other, then switched to addition through a burrette
and ultimately was done using a peristaltic pump to add the Ta-ethoxide solution to the
hydrous Li/La-acetate solution. These changes were made to ensure all Ta-ethoxide that
was weighed out was actually added while maintaining a slow addition rate. A white gel
forms as the Ta(OC2 H5 )5 hydrolyzes. This gel was aged under rapid stirring for 0.5 h, at
which time the pH of the solution was stabilized to ≈ 2.5 through the dropwise addition
of ammonium hydroxide (NH4 OH). After the stabilization of the pH, the temperature
of the gel mixture was slowly increased to evaporate the remaining liquid constituents
(water, acetic acid, and isopropanol), drying and decomposing the gel, leaving a whitish
precursor cake. The resulting dried precursor cake was crushed, ground using an alumina
mortar and pestle, sieved, and further dried in an alumina crucible at 200 °C for 6 h. This
dull-white precursor LLTaO sol powder was then calcined at 1000 °C for 1 h, resulting in a
white powder. This process is presented as a flowchart in Figure 3.8.

3.2 Consolidation
3.2.1 Uniaxial Hot-Pressing
Crystalline LLTaO powders produced from the sol-gel process were crushed and ground
using an alumina mortar and pestle, sieved, and pressed in a Carver Manual Press 3850
(Figure 3.9b)at 167 MPa for approximately 10 minutes using a stainless steel Carver 13mm
ID pellet die # 3619 shown in Figure 3.9a generously covered in mineral oil.
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Figure 3.8: A diagram showing the alkoxide sol-gel process to produce powders for the
synthesis of LLTaO transparent ceramics.
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Cold pressed green bodies were then loaded into 13mm grafoil-lined graphite dies
as shown in the diagram in Figure 3.10. Special care was taken when loading dies to
ensure that contact between the green bodies and graphite dies were minimized. Figure
3.11 shows the OXY-GON hot-press used to uni-axially hot-press all samples made in this
dissertation. Loaded graphite dies are then uniaxially hot-pressed typically for an hour
at temperatures ranging from 1100 °C to 1350 °C and pressures ranging from 33-67 MPa
either under vacuum or flowing Ar atmosphere. Hot-pressed ceramics are then removed
from the grafoil-lined graphite die, and polished flat to remove adhered grafoil with 120 grit
silicon carbide polishing pads using mineral oil as a lubricant to help clear away removed
material.

3.2.2 Hot Isostatic Pressing
Hot isostatic pressing (HIP) of uniaxially hot-pressed ceramics was carried out through
American Isostatic Presses. HIP was done both in pure Ar at 207 MPa and 1250 °C for 2
hours, as well as in a 80% Ar 20% O2 environment at 207 MPa and 1100 °C for 2 hours.
Samples hot isostatic pressed were placed on coarse Al2 O3 powders in order to minimize
potential reaction with the substrates. Figure 3.12 shows a plot of the temperature profile
for samples hot isostatic pressed in an Ar environment. The temperature difference
between samples pressed in pure Ar vs. the Ar/O2 mixture were due to the maximum
temperature of 1100 °C of the Ar/O2 mixture capable HIP.

3.2.3 Sample Cutting and Polishing
Some ceramics were cut in half to compare the effect of different annealing or HIP
conditions. Ceramics were mounted on glass plates using Crystal Bond adhesive and cut
using a Buehler Isomet Abrasive Saw with a Diamond coated blade. Polishing of ceramics
for most characterization measurements was done using Buehler Carbimet silicon carbide
grinding pads with 120, 240, 400, 600, 800 and 1200 grit and mineral oil as the lubricant to
clear away removed material. Ceramics characterized via scanning electron microscopy
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(a) Carver stainless-steel die used for pressing of LLTaO green
bodies.

(b) Carver manual press used for consolidation LLTaO green
bodies.

Figure 3.9: Equipment used to press LLTaO green bodies.
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Figure 3.10: A diagram showing how the green bodies were loaded into the grafoil-lined
graphite dies for uni-axially hot-pressing.
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Figure 3.11: The hot-press used for uni-axial consolidation of LLTaO ceramics.
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Figure 3.12: An example of the program used for hot isostatic pressing of LLTaO ceramics
using a pure Ar environment.
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were further polished using a progression of 15, 9, 6, 3, 2, 1, 0.5 and 0.25 µm polycrystalline
diamond polishing compound followed by 0.02 µm colloidal silica on Imperial polishing
pads procured from Allied High Tech Products. After the final colloidal silica polishing step,
ceramics are washed with methanol in a sonicator for 5 minutes.

3.3 Material Characterization Techniques
3.3.1 Density Measurements
While densities of green bodies were estimated using a geometrical approach (using
measured mass and volume assuming a perfect cylinder), densities of hot-pressed and
hot isostatic pressed ceramics were measured by two methods: Archimedes method, or
by pycnometry. Samples measured by Archimedes method were done via a XPR/XSRAna Density kit on a Mettler Toledo XSR225 DU balance using de-ionized water as
the measurement fluid. Samples measured by pycnometry were performed using a
Quantachrome ULTRAPYC 1200E pycnometer with He as the working gas in a calibrated
15mm diameter micro-cell with a nominal volume of 4.25 cm3 . During measurements on
the pycnometer, the sample chamber was purged with high purity He gas and measured
until a standard deviation of 0.005 g/cm3 was achieved.

3.3.2 Differential Scanning Calorimetry and Thermogravimetric Analysis
To better understand the decomposition of dried precursors, simultaneous differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA) measurements done
using a Labsys EVO DSC/TGA using 100 µL alumina crucibles under flowing air. A diagram
of the DSC/TGA used in this work is shown in Figure 3.13. First a baseline measurement
was made using an empty alumina crucible by heating from room temperature up to 1200
°C and back down to room temperature with a heating rate of 5 °C/min, then 20-35 mg
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of dried precursor was loaded into the alumina crucible and measured using the same
heating profile. Baseline responses were subtracted from the actual measurements to
decouple the heat transfer and mass losses associated with heating of the alumina crucible.

3.3.3 X-ray Diffraction
Phase identification of crystalline LLTaO powders and ceramics was done via X-ray
diffraction using a PANalytical Empyrean, with a PIXcel detector, configured in BraggBrentano geometry, with Cu radiation operating at an accelerating voltage of 45 kV
and current of 40 mA. In addition to room temperature XRD, high-temperature X-ray
diffraction (HTXRD) was done to further investigate the path of dried sol-gel precursors
towards crystalline LLTaO using the same diffractometer. During HTXRD data collection,
dried LLTaO sol-gel precursor powder was carefully loaded in a deep-welled alumina
sample holder which was then placed in an Anton Paar HTK 1200N high-temperature
environmental chamber. The material was then heated in flowing air at a rate of 50 °C/min
and held at temperatures (25°C, 100°C and then increments of 100°C up to 1200°C) for 10
minutes to equilibrate prior to 11-minute scans from 5-90°2θ at each target temperature.

3.3.4 Dynamic Light Scattering
Prior to hot-pressing, particle size analysis was performed on the white, calcined LLTaO
powder. Particle size analysis measurements were conducted using dynamic light
scattering (DLS) via a Mastersizer 3000 instrument with a Hydro SV liquid dispersion
unit and Na(PO3)6 as a dispersant. Obscuration (i.e., light attenuation due to material
being added to the dispersant solution) was kept below 20%, in an effort to minimize
effects of secondary scattering. Stir speeds were kept below 700 RPM to prevent bubble
formation.
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Figure 3.13: A diagram of the Labsys EVO DSC/TGA used for the study of crystallization of
precursor powders courtesy of Setaram.
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3.3.5 Scanning Electron Microscopy
Scanning electron microscopy (SEM) images were taken of crystalline LLTaO powders
and diamond polished, hot-pressed ceramics using a Zeiss EVO MA15 SEM operating at
20kV. Due to charging of the LLTaO material during imaging, variable pressure mode using
nitrogen gas at pressures around 20 Pa was used at times for higher image quality. Energydispersive X-ray spectroscopy (EDS) was done in the same SEM using a Bruker xFlash 6130
Energy Dispersive X-ray Spectrometer to determine the elemental homogeneity of LLTaO
ceramics. Electron backscatter diffraction (EBSD) measurements were done of LLTaO
ceramics using an Argus Bruker eFlash Electron Backscattered Detector to investigate the
size and orientation of grains after hot-pressing.

3.3.6 X-ray Excited Radioluminescence
X-ray excited radioluminescence (RL) measurements were performed were performed in
reflection or transmission mode (depending on sample transparency, opaque samples
in reflection, transparent samples in transmission) using a Source 1 (model CMX003)
X-ray tube operated at 35 kV and 0.1mA. The emission of the samples was monitored
using an Acton Spectra Pro 2150i monochromator/spectrograph. Samples measured in
transmission were directly afixed to the slit of the monochromator/spectrograph were
samples measured in reflection were place in a sample holder at an angle to the opening.

3.3.7 Optical Measurements
Optical measurements of translucent and transparent hot-pressed and hot isostatic pressed
ceramics included both inline transmission/absorption measurements as well as photoluminescence (PL) excitation/emission measurements. For inline transmission/absorption
measurements, a Cary 5000 UV-Vis-NIR spectrophotometer was used with both 0% and
100% transmission baselines and normalizing for sample thickness. PL measurements
were made using a Horiba-FluoroLog spectrofluoromter using a configuration as seen in
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Figure 3.14. For PL emission measurements where emissions are near the doublet of the
excitation wavelength a 324 nm filter was used.

3.3.8 Pulse Height Spectra
Pulse height spectra for gamma-ray measurements was done using a Hamamatsu 6231100 PMT operated at 1000 V powered by an Ortec 556 high voltage power supply. The
signal from the PMT is sent first to a Canberra 2005 pre-amplifier followed by an Ortec 672
amplifier and finally a Tukan 8K multi-channel analyzer as shown in the diagram in Figure
3.15
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Figure 3.14: A diagram showing the setup used for photoluminescence excitation and
emission measurements.
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Figure 3.15: A diagram showing the conversion of ionizing radiation into scintillation light
followed by conversion to an electrical signal which is then fed into the pulse processing
chain for the acquisition of pulse height spectra.
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Chapter 4
Selection of Compound Synthesis Method
for Li5La3Ta2O12
This chapter details the different compound synthesis methods considered for the
synthesis of the precursor powders for transparent Li5 La3 Ta2 O12 ceramics.

4.1 Motivation
Selection of the best compound synthesis method for precursor powders is a critical
first step in the production of transparent ceramics. The compound synthesis method is
highly dependent on the chemistry of the compound selected, the precursors available
and the processes used. For the synthesis of Li5 La3 Ta2 O12 powders, the polymeric
steric entrapment, reverse-strike co-precipitation, and alkoxide sol-gel processes, were
considered based on previous experiences with these methods.

4.2 Polymeric Steric Entrapment Synthesis
The similarity of materials previously made with the SES method initially made it an
interesting option for use with LLTaO. Materials such as YAG, which LLTaO is initially
derived from, as well as different high entropy aluminum garnets have been previously
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Figure 4.1: Simultaneous differential scanning calorimetry and thermogravimetric
analysis curves of calcinced (Lu,Y,Yb,Gd,Eu)3 Al5 O12 powders produced via polymeric
steric entrapment synthesis from nitrate salt and batch nitrate solution precursor routes.
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synthesized using the SES method showing that a wide range of compositional complexity
is possible with this method. One such high entropy aluminum garnet made using this
method was (Lu,Y,Yb,Gd,Eu)3 Al5 O12 . This material was made using two different precursor
routes. The first method, from here on referred to as the nitrate salts route, the rare-earth
and aluminum nitrate salts were dissolved in water. The second precursor route, referred
to as the batch nitrate solution henceforth, the rare-earth oxides were first dried over
night at 1000 °C then weighed out in stoichiometric amounts and then dissolved in a
concentrated Al-nitric acid solution that was prepared from the electrolysis of Al metal in
concentrated nitric acid. Solutions from both precursor routes were then used in the SES
process described in the previous chapter using a CC+ :NO3 :OH- ratio of 4:4:1. The calcined
powders from these two different precursor routes were then analyzed using simultaneous
DSC/TGA to better understand any differences to the path to crystallization between the
two routes. The DSC/TGA curves in Figure 4.1 shows no significant differences between the
two routes, but does show two different crystallization peaks at 922 °C and 1016 °C for each
method. These crystallization peaks are either due to crystallization through a secondary
phase or a result of two different competing crystallization mechanisms. Material was then
crystallized at 950 °C to determine if there was an intermediate crystalline phase occuring.
The XRD of materials crystallized at 950 °C for 1 hour from both precursor routes, shown
in Figure 4.2 shows that both routes resulted in single phase crystalline garnet powders.
The powders were then imaged using scanning electron microscopy to determine particle
size and morphology. The micrograph in Figure 4.3 shows the typical size and morphology
of these powders produced using SES with particle sizes ranging from 2-3 microns up to
30-40 microns. The individual particles were not spherical in shape which results in a low
surface area which is not ideal for the formation of transparent ceramics.
When translating this previous experience to the synthesis of Li5 La3 Ta2 O12 an issue
arises with the tantalum precursor selection. Due to the tendency of Ta salts to oxide,
there are not any Ta precursors that are readily soluble in water. The SES method has
an alternative non-aqueous route that utilizes polyethylene glycol (PEG) in ethanol or 2propanol. Attempts were made using lithium nitrate, lanthanum nitrate hexahydrate dried
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Figure 4.2: X-ray diffraction spectra of (Lu,Y,Yb,Gd,Eu)3 Al5 O12 powders produced via
polymeric steric entrapment synthesis from nitrate salt and batch nitrate solution
precursor routes crystallized at 950 °C.
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Figure 4.3: Scanning electron micrograph of (Lu,Y,Yb,Gd,Eu)3 Al5 O12 powders produced via
polymeric steric entrapment synthesis from batch nitrate solution precursors crystallized
at 950 °C.
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at 200 °C overnight and tantalum chloride as the precursor salts dissolved in 2-propanol or
ethanol, however, due to either residual water in the nitrate salts or water in the solvents,
small amounts of white precipitate formed after addition of the tantalum chloride and
single phase powders were not produced after crystallizing. Due to these challenges and
the challenges in achieving uniform powders with high surface area in the synthesis of
other compositions, the polymeric steric entrapment synthesis method was abandoned
for more promising methods.

4.3 Reverse-strike Co-precipitation Synthesis
The reverse-strike co-precipitation method was considered for the synthesis of LLTaO as
it was successfully utilized in the synthesis of very fine, uniform (Lu,Y,Yb,Gd,Eu)3 Al5 O12
nanopowders. The process as described in the previous chapter utilized the rare-earth
nitrates and aluminum nitrate as the metal precursors, ammonium carbonate as the
precipitant, and ammonium sulfate as the capping agent to prevent agglomeration of
particles during precipitation and calcining. After washing, drying and calcining the
precipitate, simultaneous DSC/TGA was performed to analyze the path to crystallization
of the precipitated powder and to determine the ideal crystallization temperature in order
to maintain the high specific surface area of the powders. The DSC/TGA curves in Figure
4.4 show two distinct crystallization peaks at 920 °C and 1030 °C. Along with the second
crystallization peak at 1030 °C, there is also a significant approximately 2% mass loss which
is likely the result of residual carbonates or sulfates decomposing. The remaining calcined
material was then crystallized at 950 °C or 1050°C for 1 hour. The crystallized powders were
then analyzed using XRD to understand the significance of the two crystallization peaks.
Figure 4.5 shows the XRD spectra of the material crystallized at 950 °C or 1050°C as well
as reference patterns for a Y3 Al3 O8 CO3 hexagonal phase and the Y3 Al5 O12 garnet phase.
The material crystallized at 950 °C predominately matches with the Y3 Al3 O8 CO3 hexagonal
phase with small garnet peaks starting to appear. This crystallization through the hexagonal
phase aligns with with residual mass loss that is seen in the TGA measurements up until
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1030 °C. The XRD of the powders crystallized at 1050 °C align with the garnet peaks and
hexagonal oxy-carbonate peaks remain.
The particle size and morphology of the (Lu,Y,Yb,Gd,Eu)3 Al5 O12 synthesized via the
reverse-strike co-precipitation method using ammonium carbonate precipitant and
ammonium sulfate capping agent was investigated by scanning electron microscopy.
SEM micrographs of powder crystallized at 950 °C and 1050 °C at different magnifications
are shown in Figure 4.6. The micrographs in Figures 4.6a and 4.6b show that powders
crystallized at 950 °C are loosely agglomerated with spherical morphology and an average
particle size of around 20nm. After fully crystallizing into the garnet phase 1050 °C,
individual particles begin to neck and form hard agglomerates with a primary particle
size of approximately 35 nm as seen in Figure 4.6c and 4.6d. This formation of hard
agglomerates can be partially mitigated by further control of the crystallization process.
The translation of this reverse-strike co-precipitation method to the LLTaO composition
is not a straight forward substitution of metal cation precursors. Two issues arise with
using water as the solvent for co-precipitation of LLTaO: 1.)the insolubility of any tantalum
precursors in water, and 2.) the solubility of lithium intermediates such as lithium
carbonate in water. As was the case with the steric entrapment synthesis process, the
lack of water soluble tantalum precursors would necessitate the use of an anhydrous
solvent. Also, the common intermediate forms that lithium would precipitate out of
solution, lithium carbonate or lithium hydroxide are readily soluble in water as well as
partially soluble in some alcohols. Another issue that would arise is the insolubility of the
ammonium carbonate precipitant in solvents other than water. Due to theses solubility
issues, the reverse-strike co-precipitation method was not pursued as a synthesis method
for LLTaO.

4.4 Alkoxide Sol-Gel Synthesis
To determine the final compound synthesis method used in this work, the selection of
the tantalum precursor was first decided as few viable options are available. Tantalum (V)
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Figure 4.4: Simultaneous differential scanning calorimetry and thermogravimetric analysis
curves of calcinced (Lu,Y,Yb,Gd,Eu)3 Al5 O12 powders produced via reverse-strike coprecipitation synthesis using ammonium carbonate precipitant and ammonium sulfate
capping agent.
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Figure 4.5: X-ray diffraction spectra of (Lu,Y,Yb,Gd,Eu)3 Al5 O12 powders produced via
reverse-strike co-precipitation using ammonium carbonate precipitant and ammonium
sulfate capping agent crystallized at 950 °C and 1050 °C showing crystalization to the garnet
phase through a Y3 Al3 O8 CO3 hexagonal phase.
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(a) Crystallized at 950°C (74K X mag)

(b) Crystallized at 950°C (120K X mag)

(c) Crystallized at 1050°C (44K X mag)

(d) Crystallized at 1050°C (81K X mag)

Figure 4.6: Scanning electron microscopy images of co-precipitated (Lu,Y,Yb,Gd,Eu)3 Al5 O12 powders showing an increasing
amount of necking leading to agglomeration in material crystallized at 1050°C.
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ethoxide (Ta(OC2 H5 )5 ) was selected as it is commonly used in the synthesis of tantalum
oxide thin films and is an ideal precursor for an alkoxide sol-gel method. The next selections
for developing the alkoxide sol-gel process were the chelating agent and other cation
precursors. Oxalic acid was chosen as the primary chelating agent as it is a cheap, readily
available, and anhydrous bidentate ligand. The use of a chelating agent is necessary for
two reasons: 1.) to passivate the tantalum ethoxide to slow the rate of hydrolysis, and 2.) to
form chains by binding to other cations in solution. Equations (4.4.1) and (4.4.2) show the
simplified passivation of tantalum ethoxide and hydrolysis of the oxalic acid passivated
tantalum ethoxide reactions that are the driving force of the alkoxide sol-gel synthesis.

2Ta(OC H2C H3 )5 + 2(C 2 H2O 4 ) → 2(OC H2C H3 )5−x Ta(C 2O 4 )x + xC H2C H3OH

(4.4.1)

(OC H2C H3 )5−x Ta(C 2O 4 )x + 5H2O → (C 2O 4 )x Ta(O)5−x +C H2C H3OH

(4.4.2)

Lithium acetate dihydrate (LiCH3 COO·2H2 O) was selected as the lithium precursor
salt as it is readily soluble in water and is of a known hydration level to ensure accurate
weighing during synthesis. Lanthanum acetate hydrate (La(CH3 COO)3 ·xH2 O) was initially
selected as source of lanthanum, however, early in the development of the sol-gel process
it was substituted for lanthanum oxide (La2 O3 ) as lanthanum oxide was readily available at
a higher purity than its acetate counterpart. The La2 O3 was dried at 1000 °C for 8 hours,
and weighed directly from the warm furnace to ensure proper weighing of the precursor
as La2 O3 reacts with moisture in the air to form a oxy-hydroxide. The general process for
the sol-gel synthesis method used in this work can be found in the previous chapter and
further detailed investigation in to this process follows in forthcoming chapters.
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4.5 Conclusion
While synthesis methods such as the polymeric steric entrapment synthesis and reversestrike co-precipitation processes have several advantages, these synthesis methods do
not translate well to the synthesis of LLTaO. As a result, these synthesis methods were
eliminated from the selection process. Due to the constraints of the solubility of the
tantalum precursors and the lithium intermediates, it was decided to pursue the alkoxide
sol-gel process which will be further investigated throughout the remainder of this
dissertation.
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Chapter 5
Compensating for the Volatility of Lithia
in Li5La3Ta2O12
The results presented in this chapter were published in the Journal of Alloys and
Compounds by Joshua Smith et al.. The full citation for the published work is the following:
Joshua P. Smith, Kurt E. Sickafus, Claudia J. Rawn, Cordell Delzer, Ching-Fong Chen,
Charles Melcher,Thermal processing conditions for the synthesis of near theoretical density
Li5La3Ta2O12 ceramics for ceramic dual-mode detectors, Journal of Alloys and Compounds ,Volume 872, 2021, 159714, ISSN 0925-8388, https://doi.org/10.1016/j.jallcom.2021.159714.
The author would to acknowledge the co-authors for their contribution and effort
towards this work.

5.1 Motivation
One of the challenges in synthesizing transparent LLTaO ceramics for dual-mode detector
materials is the volatilization of lithia during high temperature stages of the synthesis
process including crystallization of LLTaO powders, initial consolidation via uni-axial hot
pressing, and sintering in HIP. In order to understand how to best compensate for this
volatility, several batches of powder were prepared using varying amounts of excess lithium
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acetate. This chapter serves to evaluate the effect of using excess Li during sol-gel synthesis
to compensate for the volatility during crystallization, initial consolidation and sintering.

5.2 Excess Li in Compound Synthesis
Using the alkoxide sol-gel procedure described in the previous chapter, four batches of
powder were made with varying Li:La:Ta ratios to determine the optimum ratio to yield
single phase, near theoretical density ceramics after initial consolidation via uniaxial hot
pressing. The chosen Li:La:Ta ratios are as follows: 5.5:3:2, 5.5:3:2, 5.5:3.03:2, and 5.75:3:2.

5.2.1 Thermal Processing Conditions During Compound Synthesis
The thermal decomposition and subsequent crystallization of the powder produced from
the sol-gel process was analyzed by simultaneous DSC/TGA in flowing air. Figure 5.1 shows
the heat flow and mass loss through the course of heating from room temperature up
to 1200 °C. The transformation from sol-gel product to crystallized oxide powder can be
divided into three temperature regions. The first temperature region, temperatures below
200 °C, is dominated by the removal of residual water and volatile organics. The DSC and
TGA data reveal an endothermic peak at 120 °C accompanied by a 15% mass loss. The
second temperature regime, between 200 and 600 °C, consists of the decomposition of
oxalates and acetates to oxycarbonates and carbonates. This is suggested by the exothermic
peaks at 336 and 378 °C and the 28% mass loss that occured during this stage of calcining.
The final temperature regime, temperatures above 600 °C, contains an endothermic peak
at 710 °C. This peak may be attributed to the decomposition of carbonates. There is also
a glass transition at 850 °C related to reconfiguration during phase transitions at higher
temperatures.
The route to crystalline oxide was also investigated by high temperature X-ray
diffraction (HTXRD) in 100 °C increments from 100 °C to 1200 °C. In agreement with the
DSC/TGA, the HTXRD , seen in Figure 5.2, results can be divided into three temperature
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regimes: (1) removal of residual water and organics; (2) decomposition of acetates and
oxalates; and (3) crystalline phase formation, transformation, and decomposition. In the
first temperature regimes, there are several low intensity, low angle peaks at 25 °C and 100
°C that could not be attributed to any particular organics. These peaks disappear upon
heating to 200 °C, suggesting that they are associated with the organics that decompose at
120 °C (as seen in the DSC/TGA analysis or the dehydration of hydrates). In the second
temperature regime, the decomposition of acetates and oxalates occur. These effects
start at approximately 300 °C. The data suggest the predominant presence of amorphous
material. A few low intensity peaks are also observed that most likely indicate, based on
the peak positions, the formation of lithium carbonate (LiCO3 ). In the third temperature
regime, 600 °C and higher, distinct peaks from the formation of LiLa2 TaO6 begin to appear.
These peaks continue to become more distinct until 800 °C where the Li5 La3 Ta2 O12 garnet
phase develops. By 900 °C, either the Li5 La3 Ta2 O12 garnet phase becomes the dominant
phase, with some residual LiLa2 TaO6 . Above 1000 °C, the garnet phase begins to decompose
into LiLa2 TaO6 and LiTaO3 phases. This decomposition is due to the volatilization of lithia
at higher temperatures.

5.2.2 Characterization of Crystalline LLTaO Powders
The particle size distribution of all four crystallized LLTaO powders was characterized
using DLS (Dynamic Light Scattering) and is shown in Figure 5.3. While the measured
LLTaO particle size distributions are mostly uniform, each of the different batches exhibits
a small peak near 600 nm. This irregularity was investigated through scanning electron
microscopy, revealing that the larger particles, on the order of tens of microns, appear to be
the result of smaller particles, on the order of microns, that have begun to sinter together.
Figure 5.4 shows an SEM image indicating the typical morphology of the crystallized
LLTaO fired at 1000 °C. There are clear indications of substantial necking between small
particles, likely a result of calcining at a temperature higher than necessary. This is also
supported by previous work by Gao et al. that found an increase in particle size with
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Figure 5.1: DSC/TGA data showing the decomposition of sol-gel products through
crystallization in flowing air.
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Figure 5.2: a. XRD data collected at various temperatures, between room temperature
and 1200 °C, on LLTaO synthesized using a sol-gel method. b. A heat intensity map
showing the transition from LiLa2 TaO6 , denoted by black stars into the garnet phase and
back to LiLa2 TaO6 with an additional LiTaO3 phase denoted by black triangle. The data
illustrates the path to crystallization and the decomposition of the Li5 La3 Ta2 O12 phase at
high temperatures.
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Figure 5.3: Particle size distribution for each of the batches of sol-gel produced powder
showing a mostly uniform size distribution.
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Figure 5.4: Scanning electron micrographs of a typical LLTaO powder showing the sintering of small grains to form larger
agglomerates.
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increasing crystallization temperature.[64][65] This result was the basis for lowering the
crystallization temperature to 900 °C for future synthesis attempts.

5.3 Initial Consolidation of Li-excess Ceramics
Two approximately 4 g green bodies of each different batch of powder were first pressed
in an oil coated stainless steel die as described in the previous chapter. Green bodies
were then loaded into grafoil lined graphite dies for hot pressing at 1200 °C, 67 MPa
for 1 hour under either flowing Ar or vacuum hot pressing environment. A summary
of the ceramics prepared with different cation ratios, uniaxial hot-pressing atmosphere,
measured and % theoretical densities, and secondary phase identification is given in Table
5.1. These ceramics are all above 96% theoretical density as determined by He pycnometer
measurements indicating that hot-pressing is a suitable densification method for the LLTaO
ceramics and is comparable to previous work done using the self-consolidation method for
LLTaO.[66] The ceramics pressed under vacuum conditions are all of higher density than
their counterparts pressed under Ar environment. However, the rate of secondary phase
formation, due to the volatility of Li, does not change for ceramics hot pressed regardless
of hot-pressing environment.
The room temperature XRD data collected on each of the hot pressed LLTaO ceramics
is shown in Figure 5.5a with stars indicating the 100 % relative intensity peak of LiTaO3
indicating the presence of the compound as a minor secondary phase. Figure 5.5b shows
the primary LiTaO3 peak, at 23.6 °2Θ, relative to the (321) reflection of the garnet peak.
This enlarged area also demonstrates the low angle peak asymmetry of the garnet peaks
that samples displayed to a greater or lesser extent which is likely due to excess Li still
present in the lattice.
The starting structural model for the Rietveld refinements contained both Li5La3Ta2O12
[40] and LiTaO3 [67], however, the amount of LiTaO3 was so low, when present at all, making
it difficult to include in the refinements. Table 5.2 shows the summary of the results from
the refinements and Figure 5.6 shows a comparison of lattice parameters of the ceramics
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produced in this work with previously reported lattice parameters. The refinements were
challenging due to the fitting the profiles with pronounced low angle asymmetry. XRD
data collected on the NIST Si SRM with the same incident and diffracted beam optics did
not show a similar pronounced low angle peak asymmetry suggesting that the observed
peak asymmetry was due to the sample itself. By using two separate Li5 La3 Ta2 O12 phases,
each with a different lattice parameter the agreement factors for the Rietveld refinement
improved significantly. These improved agreement factors are shown in Table 5.2. One
potential cause for the increase in the lattice parameter could be additional Li residing on
the two partially occupied additional sites proposed by Cussen.[27] However, the increased
charge associated with the additional Li content will need to be compensated, possibly by
vacancies on either the La or Ta sites. However, refinement on the site occupancy factors
(sof) for the La and Ta atoms was not possible due to the correlation with the atomic
displacement parameters along with the complication of having multiple phases present.
The summaries of the refinement results are given in Table 5.2, the lattice parameter
for the smaller cell varies between 12.7913(9) and 12.797(3) Åand the lattice parameter
for the larger cell varies between 12.903(2) and 12.857(9) Åand the phase fraction of the
small cell varies between 87 and 90 wt% with the balance larger cell phase. From these
phase fractions, it was determined that there is still an excess of 7.7 wt% Li from the
ideal Li5 La3 Ta2 O12 phase. Figure 8 shows the lattice parameters determined here and a
comparison of the lattice parameters previously reported in literature with the ceramics
produced in this work. The lattice parameters reported in literature by Mariappan et al. (a
= 12.823 Å), Cussen et al. (a= 12.80654 Å), Gao et al. (a = 12.850 Å), Wang et al. (a = 12.82
Å), and Hayashi et al.(a = 12.86 Å) all fall somewhere between the small and large lattice
parameters reported here.[64][68][38][3][44][65] Only the lattice parameter reported by
Thangadurai et al. (a = 12.766 Å) was smaller than the small lattice parameters reported
here.[69]

88

Table 5.1: Summary of ceramics with synthesized with various amounts of Li or La, hotpressing environment either Ar or vacuum, along with the measured and % theoretical
densities and secondary phases. Errors in measured density given as σ.
Cation Ratio Li:La:Ta

Hot-pressing
Atmosphere

Measured Density
(g/cm3 )

% TD
(6.33 g/cm3 )

Secondary Phases

5.5:3:2
5.5:3:2
5.625:3:2
5.625:3:2
5.625:3.03:2
5.75:3:2
5.75:3:2

Ar
Vacuum
Ar
Vacuum
Vacuum
Ar
Vacuum

6.17(6)
6.18(4)
6.28(8)
6.32(2)
6.15(2)
6.12(7)
6.20(5)

97.5 %
97.6%
99.2%
99.8%
97.2%
96.7%
97.9%

LiTaO3
LiTaO3
LiTaO3
LiTaO3
N/A
N/A
N/A
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Table 5.2: A summary of the Rietveld refinements for hot pressed ceramics.

Cation Ratio Li:La:Ta

Hot-pressing
Atmosphere

Small cell a [Å]
(wt%)

Large cell a [Å]
(wt%)

5.5:3:2

Vacuum

12.794(6)
90.1(5)

5.5:3:2

Ar

5.625:3:2

wR

GOF

Rmin

Displacement (µm)

12.885(2)
9.9(3)

12.14

3.59

2.59

-432(2)

12.797(3)
87(1)

12.857(9)
13(1)

16.48

4.72

3.50

-412(6)

Vacuum

12.7926(9)
89.2(3)

12.871(3)
10.8(3)

15.12

4.61

3.29

-135(2)

5.625:3:2

Ar

12.7924(9)
88.0(3)

12.861(2)
12.0(3)

13.1

3.92

3.92

-213(2)

5.625:3.03:2

Vacuum

12.7969(9)
90.1(6)

12.903(2)
9.9(3)

15.07

4.49

3.36

-154(2)

5.75:3:2

Vacuum

12.792(1)
85.5(7)

12.871(2)
14.5(4)

17.07

5.28

5.28

174(3)

5.75:3:2

Ar

12.7913(9)
88.2(6)

12.895(2)
11.8(3)

15.18

4.53

4.53

-213(2)
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Figure 5.5: a. XRD patterns obtained from the individual hot pressed ceramics summarized
in Table 2. Peaks indicated with a star represent LiTaO3 as a secondary phase. b. The
enlarged area shows the primary LiTaO3 peak and the Li5 La3 Ta2 O12 (321) reflection for
reference and the low angle asymmetry observed for the Li5 La3 Ta2 O12 peaks.
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Figure 5.6: a. Comparison of lattice parameters of the ceramics produced in this work to previously published results. (error
bars are included (3σ) on the results present here but cannot be discerned since they are smaller than the marker size) b.
XRD spectra of hot pressed ceramics showing shifts in peaks towards larger lattice parameters and increasing low angle peak
asymmetry with increasing Li content
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The SEM image in Figure 5.7 shows the polished surface of a Li:La:Ta 5.75:3:2 uniaxially
hot pressed ceramic in a vacuum atmosphere which illustrates the residual porosity of
the ceramic. Residual pores lead to scattering of light in the ceramics and a decrease in
transparency of the samples. The large 7 µm black void in the upper left of the micrographs
is likely not a pore but rather due to grain pullout during the polishing process.
The PL excitation and emission of each hot pressed ceramic was measured and
while intensities from sample to sample varied slightly, each ceramic displayed the same
excitations and emissions. Figure 5.8 shows the PL excitations (Ex) and emissions (Em)
and the X-ray excited RL for the Li:La:Ta 5.625:3:2 ceramic consolidated in a vacuum
atmosphere, and is representative of all of the uniaxially hot pressed ceramics. The X-ray
excited RL emission of the Li:La:Ta 5.625:3:2 uniaxially hot pressed ceramic in a vacuum
atmosphere exhibits a broad emission centered near 410 nm. This emission is consistent
with other reported Li-tantalate intrinsic emissions from self-trapped excitons.[20] The
PL emission spectra of the Li:La:Ta 5.625:3:2 uniaxially hot pressed ceramic in a vacuum
atmosphere are complicated by the appearance of line emissions at 484, 500, 530, 560, 607,
618, 636, and 655 nm and broad emissions centered around 440 nm. The line emissions are
likely from the 4f -4f transitions in some rare-earth impurity, while the broad emissions are
the intrinsic tantalate emission. The X-ray excited RL emission and PL emissions of each
of the other uniaxially hot pressed ceramics were identical to that of the Li:La:Ta 5.625:3:2
hot pressed ceramic in a vacuum atmosphere regardless of hot pressing atmosphere or
amount of excess Li or La.
The inline optical transmission of the hot pressed ceramics was measured to compare
the degree of translucency for each of the ceramics. Figure 5.9 shows the transmission
curves obtained from each uniaxial hot pressed ceramic.Samples prepared by pressing
under vacuum tend to have a higher transmission than those pressed under an Ar environment. While the 5.625:3.03:2 ceramic has the highest transmission, the improvement
over the more dense 5.75:3:2 ceramic is marginal, and is possibly due to a reduction of a
secondary phase below the detection limits of XRD.
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Figure 5.7: Scanning electron micrograph of a typical uniaxially hot pressed LLTaO ceramic showing residual porosity. The large
black area is likely from grain pullout during the polishing process..
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Figure 5.8: The X-ray excited radioluminescence emission and the photoluminescence
excitation and emission of the Li:La:Ta 5.625:3:2 hot pressed ceramic in a vacuum
atmosphere showing the broad tantalate emission and sharp emissions from a rare earth
impurity and is representative of the excitation and emissions of all uniaxially hot pressed
ceramics.

95

Figure 5.9: Normalized inline optical transmission spectra of the hot pressed ceramics.
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Chapter 6
Enhancement of Optical Quality Through
Control of Initial Consolidation
Conditions
6.1 Motivation
While the samples produced in the previous chapter showed a degree of translucency,
they were far from transparent. The work in this chapter builds off of the previous study
on the effect of excess lithia during sol-gel synthesis to compensate for the volatility of
lithia during high temperature processes by using the successful Li:La:Ta ratio of 5.75:3:2
and further improving the sol-gel procedure as well as the initial consolidation process.
This chapter details the modifications to the previously described procedures that led to a
drastic improvement in the optical quality of the LLTaO ceramics.

6.2 Rare-Earth doped Li5 La3 Ta2 O12
In addition to further investigating the intrinsic luminescence of un-doped LLTaO, the
luminescence of rare-earth doped LLTaO is particularly interesting for the possibility of its
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Figure 6.1: Un-doped and RE-doped LLTaO ceramics (un-iaxially hot-pressed at 1200 °C
and 67 MPa) under natural room lighting and backlit showing a degree of translucency.
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use in scintillation applications. To this end, powders were produced of un-doped, 1% Ce,
5% Ce, 1%Pr, 5% Pr, 1% Eu and 5% Eu doped LLTaO using the same sol-gel procedure as
described in the previous chapter with a single modification. The only modification was
the temperature crystallization step was lowered from 1000 °C for 1 hour down to 900 °C
for 1 hour. One ceramic from each batch of powder was then made using the same green
body formation method and hot-pressing conditions as the ceramics made in the previous
chapter, and Figure 6.1 shows these ceramics under natural room light as well as backlit.
A few of these ceramics were then carefully polished following the procedure described
in Chapter 3.2.3 and imaged using scanning electron microscopy to better understand
the microstructure of these ceramics. Two main defect types were found as a result of this
investigation. The first defects were areas of poorly sintered material like that shown in
Figure 6.2. These areas of poorly sintered material indicated that there were improvements
to be made in the initial consolidation step. The second defects found were Ta-deficient
areas. Figure 6.3 shows scanning electron microscopy images of an area that is deficient
in tantalum. Energy-dispersive X-ray spectroscopy (EDS) point scans and mapping were
done to qualitatively determine that the light areas were Ta-deficient phases, likely La2 O3 ,
while dark areas were attributed to the LLTaO garnet phase. Figure 6.4 shows the EDS map
showing that areas of La and Pr rich have little to no Ta present which results in secondary
phases lower than the detection limits of XRD that lead to high amounts of light scattering
in the ceramics. This Ta deficiency is likely the result of one of two different possible issues
during sol-gel synthesis. Either the La2 O3 is not fully dissolving in solution and remaining
through the whole reaction, or the more likely issue, that the Ta-ethoxide is hydrolyzing
while being weighed out causing less Ta-ethoxide to be added than is actually necessary.
A very carefully polished Li5.75 La3 Ta2 O12 ceramic was characterized using electron
backscatter diffraction in order to determine the orientation of the polycrystalline ceramic.
Characterization of LLTaO ceramics was attempted multiple time and proved to be
challenging for several reasons. First, polishing samples to the level required in order
to get adequate counting statistics was challenging as grain pullout during polishing
occurred frequently and after achieving high levels of surface finish, surface lithium reacts
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Figure 6.2: Scanning electron microscopy images of an area of poorly sintered material at
different magnifications in a Li5.75 La2.75 Pr0.15 Ta2 O12 ceramic hot-pressed at 1200 °C and
67 MPa for 1 hour.
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Figure 6.3: Scanning electron microscopy images of an area of Ta-deficient material at
different magnifications in a Li5.75 La2.75 Pr0.15 Ta2 O12 ceramic hot-pressed at 1200 °C and
67 MPa for 1 hour. Using energy-dispersive X-ray spectroscopy point scans, the dark
colored areas correspond to the LLTaO garnet stoichiometry where the lighter colored
areas correspond to a Ta-deficient phase, likely La2 O3 .
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Figure 6.4: Energy-dispersive X-ray spectroscopy maps showing Ta-deficient areas in a
Li5.75 La2.75 Pr0.15 Ta2 O12 ceramic hot-pressed at 1200 °C and 67 MPa for 1 hour.
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with moisture and carbon dioxide in the air to first form a lithium hydroxide layer and then
a lithium carbonate thin film. Also adding to the difficulty in EBSD measurements was the
charging of the surface of the ceramic due to the electron beam. This charging effect was
mitigated by the use of a partial pressure of Nitrogen (20 Pa). Operation in partial pressure
mode significantly reduces the signal to the backscatter detectors which is commonly
solved by increasing the intensity of the electron probe. However, this does not work well
for LLTaO due to its sensitivity to milling by the electron beam. In an attempt to minimize
the effect of milling, the calibration and configuration of the EBSD measurements was
done on one area of the ceramics surface and then the stage was moved horizontally in
order to run the measurement on an area not damaged by milling during calibration.
Figure 6.5 shows the EBSD map of the LLTaO ceramic. Each different color corresponds to
a different Kikuchi pattern that is indicative of a specific orientation of the LLTaO crystal
structure. In addition to this information, EBSD enables for very clear determination of
average grain size, 19 microns, and the location of remaining porosity. From Figure 6.5 it is
clear that there are several large intragranular pores. Intragranular pores are not readily
removable due to the slow intragranular diffusion mechanisms. As a result, ceramics
that have intragranular pores will not increase in density through sintering during hot
isostatic pressing. This result, along with the areas of poorly sintered material seen with
SEM imaging shown in Figure 6.2, indicates that refinement of the initial consolidation
conditions is necessary in order to control the grain growth and pore removal rates to
prevent the formation of intragranular pores if optical transparency is to be achieved.
Figure 6.6 shows the misorientation kernel of the EBSD map (6.6a)along with a histogram
of the angles of disorientation (6.6b) and a plot showing a perfect Mackenzie distribution
(6.6c). From comparing Figures 6.6b and 6.6c we can see that the angles of disorientation
follow the Mackenzie distribution which indicates a randomly oriented polycrystalline
ceramic.
These rare-earth doped LLTaO ceramics were then cut in half and then hot isostatic
pressed (HIP) under different conditions. Figure 6.7 shows the as hot-pressed ceramics as
well as both halves after HIP treatment under natural room lighting as well as backlit to
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Figure 6.5: Electron backscatter diffraction map showing a scratch from polishing and
large intragranular pores that add to the scattering of light and are not easily removed with
further sintering under hot isostatic pressing.
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(b) A histogram showing the angle
of disorientation of the electron
backscatter diffraction map.

(a) The misorientation kernel from the electron backscatter diffraction map.

(c) A plot of the angles of disorientation showing the Mackenzie distribution indicative of a randomly
oriented polycrystalline ceramic.

Figure 6.6: The misorientation kernel form the EBSD map and a histogram of the angles of disorientation which follows the
Mackenzie distribution showing a lack of a preferred orientation during initial consolidation via uni-axial hot-pressing
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better compare the change in translucency due to HIP. The halves of the LLTaO ceramics
on the left were HIP at 1250 °C 207 MPa of pure Ar and those on the right were HIP at
1100 °C 207 MPa of 80% Ar 20% O2 for 2 hours. The halves HIP under the 80% Ar 20%
O2 mixture were found to be severely degrade while those HIP under pure Ar conditions
showed a slight improvement in optical quality. Due to the nature of the intragranular
pores previously found in these as uni-axially hot-pressed ceramics, large improvements
in optical quality was not expected as the removal of intragranular pores is slow. The lack
of degradation of the samples HIP at 1250 °C 207 MPa of pure Ar for 2 hours indicates that
these conditions might be more successful if applied to ceramics with intergranular pores
rather than intragranular pores.

6.3 The Effect of Hot-pressing Conditions on Optical Transparency
From the in depth study of the microstructure of the LLTaO ceramics from the previous
section, it was determined that the conditions of the initial consolidation process via
uni-axial hot-pressing were not ideal for synthesizing transparent LLTaO ceramics. Due to
the presence of secondary phases and intragranular pores, it was apparent that the grain
growth and pore removal rates were not properly balanced. Initially, the main concern
was the challenge of compensating for the volatility of lithia during high temperature
stages as was discussed in Chapter 5. In order to use a lower temperature during the
initial consolidation step, a relatively high pressure of 67 MPa was chosen, and was
chosen as the first parameter of the hot-pressing conditions to be studied. First, a large
batch of Li5.75 La2.75 Pr0.15 Ta2 O12 powder was prepared using the same sol-gel procedure as
previously described. This material was then pressed into 2 g green bodies and loaded in
grafoil-lined graphite dies in the same process as previous ceramics. These green bodies
were then uni-axially hot-pressed at 1200 °C for 1 hour at pressures of either 67, 46 or 33
MPa. Figure 6.8 shows these ceramics as well as a ceramic that was formed using 1 wt%
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Figure 6.7: As uni-axially hot-pressed rare-earth doped LLTaO ceramics and the same
ceramics, cut in half and hot isostatic pressed at 1250 °C 207 MPa of pure Ar (left) or 1100
°C 207 MPa of 80% Ar 20% O2 (right) for 2 hours. Samples are shown under natural room
lighting as well as backlit.
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LiCO3 sintering aid, a ceramic pressed at 1100°C and 33 MPa, and a ceramic annealed for 1
hour at 1000 °C in Air after being pressed at 1200 °C and 33MPa for 1 hour. The ceramics
pressed at 33 MPa showed a significant improvement in translucency when compared to
those pressed at higher pressures. The ceramic that used the LiCO3 sintering aid showed a
decrease in translucency when compare to its sintering aid-free counterpart, as did the
ceramic pressed at 1100 °C and 33 MPa when compared to the same pressure at 1200
°C. From these comparisons, the decision to further pursue initial consolidation under
pressures of 33 MPa was made, and the next parameter to be investigated further was
temperature.
Using a remaining batch of un-doped LLTaO sol-gel produced powder, 2 g green bodies
were uni-axially hot-pressed at 33 MPa for 1 hour under vacuum at temperatures of 1150,
1200, or 1250 °C. Figure 6.9 shows these ceramics under both natural room light as well
as backlit. There is a clear improvement in optical quality of these ceramics as the hotpressing temperature increase, which is directly related to the increase in grain growth and
pore removal rates which both increase significantly with temperature. These rates both
will continue to increase with temperature, however, with the increase in temperature also
comes an increase in the volatility of lithia. As a result of the more pronounced volatility at
higher temperatures, the optical transmission should begin to decrease above a certain
temperature and ceramics at higher temperatures needed to be made.

6.4 Significant Improvements in Optical Quality Through
Rigorous Process Control
In order to continue the investigation of the optimal uni-axial hot-pressing temperature,
more powder needed to be made and in an attempt to ensure no Ta-deficient defect areas
from the improper weighing of Ta-ethoxide would occur in future ceramics, a dry box was
set up for future handling and weighing of Ta-ethoxide during sol-gel synthesis. The dry
box was operated under a constant flow of Ar gas and used phosphorous pentoxide (P2 O5 )
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Figure 6.8: Approximately 2mm thick Li5.75 La2.75 Pr0.15 Ta2 O12 ceramics uni-axially hotpressed at 1200°C at pressures from 67 MPa down to 33MPa under vacuum for 1 hour. Also
included was an attempt of using excess LiCO3 as a sintering aid as well as an air annealing
step at 1000 °C for 1 hour. Samples pressed under lower pressures show a higher degree of
translucency.
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Figure 6.9: Natural room lit, and back lit images of approximately 2mm thick LLTaO
ceramics uni-axially hot-pressed at 33 MPa under vacuum for 1 hour at 1150, 1200 and
1250 °C.
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Figure 6.10: Approximately 1.7 mm thick LLTaO ceramics uni-axially hot-pressed at 33
MPa under vacuum at temperatures of 1250, 1300 and 1350 °C. Ceramics are raised off of
the paper the height of three pennies (approximately 4.5mm) showing a high degree of
transparency on one side of each ceramic.
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as a desiccant to minimize moisture during use. In addition to the use of the dry box,
powder synthesized from this point forward via the sol-gel method, utilized a peristaltic
pump setup like the configuration used during reverse-strike co-precipitation synthesis
(3.5) to add the Ta-ethoxide and oxalic acid solution to the hydrous acetic acid solution.
The use of the pump limited transfer of the solution between glassware which ideally limits
the amount of Ta lost to the residue left on glassware even with thorough rinsing. Using
these new process control measures, 6 batches of powder were made: un-doped, 1 % Cedoped, 0.5% Ce-doped, 0.25% Ce-doped, 0.5% Pr-doped and 0.25% Pr-doped. Figure 6.10
shows three ceramics pressed at 33 MPa under vacuum for 1 hour at 1250, 1300 or 1350 °C.
Ceramics are raised approximately 4.5 mm off the surface to demonstrate that a degree of
transparency is achieved on half of each ceramic. This result is a promising sign that a high
degree of transparency is possible given the optimization of these conditions. Shortly after
the consolidation of these ceramics, part of the hydraulic system on the uni-axial hot-press
was found to be warped which likely caused an uneven application of pressure across the
ceramics. Figure 6.11 shows both images of and the inline transmission of approximately
1.8mm thick un-doped and 1% Ce-doped LLTaO ceramics uni-axially hot-pressed at 33
MPa under vacuum at 1300 °C after repairs were made to the hydraulic system of the
uni-axial hot-press. It should be noted that the un-doped ceramic pressed at 1300 °C in
Figure 6.10 and the one in Figure 6.11a are both made from the same batch of powder,
and prepared in the same way with the only difference being the repaired hydraulic press.
It is clearly evident that after the repairs were made, and the pressure was being applied
uniformly, the visual non-uniformity disappears and transparent LLTaO ceramics were
synthesized via initial consolidation through uni-axial hot-pressing. These ceramics show
a significant improvement in the optical quality through rigorous process control and
are a encouraging indicator that a dual-mode transparent ceramic detector material is
achievable.
Ceramics were then synthesized from each of the remaining different batches of powder.
These ceramics are shown under natural room light, backlit and under 265nm UV excitation
in Figure 6.12. While most ceramics produced are relatively homogeneous in their optical
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(a) Un-doped (top) and 1% Ce-doped (bottom).

(b) Inline transmission of un-doped and 1% Ce-doped LLTaO.

Figure 6.11: An image and the in-line transmission of approximately 1.8mm thick un-doped and 1% Ce-doped LLTaO ceramics
uni-axially hot-pressed at 33 MPa under vacuum at 1300 °C after repairs were made to the hydraulic system of the uni-axial
hot-press. Ceramics are raised off of the paper the height of three pennies (approximately 4.5mm) showing a high degree of
transparency
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quality, it is evident that the 0.5% Pr-doped, 0.25% Pr-doped and 0.25% Ce-doped ceramics
have increasing concentrations of cloudy areas. These ceramics were uni-axially hotpressed using the same graphite die in the following order: un-doped, 1% Ce, 0.5% Ce, 0.5%
Pr, 0.25% Pr and 0.25% Ce. This order also corresponds with the decrease in optical quality
among these ceramics. It was found after examination of the top ram of the graphite die
set had significant deterioration due to multiple uses. Figure 6.13 shows both a brand new
graphite ram as well as the graphite ram following the hot pressing of the 0.25% Ce-doped
ceramic. The striations near the bottom of the ram in Figure 6.13a are caused by material
that pushes up between the ram and the die with each use of the ram and become more
pronounced with each use. After enough damage is done, significant amounts of material
is forced up between the die and ram causing the small areas of poorly sintered material
along the edges like that seen in Figure 6.14. Due to the design of the die, pressure is
applied from the top ram and as a result, these white opaque areas are only present at the
side of the ceramic in contact with the top ram.
This set of ceramics that were uni-axially hot-pressed at 1300 °C and 33MPa under
vacuum for 1 hour were all characterized using XRD. Figure 6.15 shows the XRD spectra
of the un-doped LLTaO sample, but is representative of all the other samples pressed
under the same conditions. All ceramics pressed under these conditions were single
phase garnets of densities between 98-99% TD with a similar low-angle asymmetry
representative of a small Li-excess remaining in the form of the Li7 La3 Ta2 O12 discussed in
Chapter 5. The inline transmission of the ceramics was also characterized to quantify the
increase in transparency when compared to previous samples. The inline transmission
was measured in an area of the ceramic free of the effects of the degraded top ram
and the inline transmission of all the ceramics uni-axially hot-pressed at 1300 °C and
33 MPa have a maximum inline transmission of between 29% and 34% as seen in
Figures 6.16, 6.17, and 6.18. It is readily apparent that within both the Ce and the
Pr-doped samples that the intensity of the dopant absorption bands between 430500nm and 360-410nm, respectively, increase with increasing dopant concentration. In
addition to the transmission measurements, both X-ray excited radioluminescence and
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(a) Natural room lighting.

(b) Backlit.

(c) Under 265nm excitation.

Figure 6.12: Samples hot-pressed under vacuum at 1300 °C and 33 MPa for 1 hour under natural room lighting, backlit and
under 265nm UV excitation
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(b) Top ram before any uses.
(a) Top ram after approximately 10 uses.

Figure 6.13: Images showing the degradation of the top ram over the span of approximately 10 uses. Degradation occurs from
small amounts of material repeatedly pushing up between the top ram and the side of the die.
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(b) Top view of 0.25% Ce-doped
LLTaO ceramic.

(a) SEM image showing poorly sintered areas along outside of ceramic.

(c) Side view of 0.25% Ce-doped
LLTaO ceramic.

Figure 6.14: Scanning electron microscopy image of white opaque areas caused by material pushing up the side of the top ram
along the outside of on the topside of the 0.25% Ce-doped LLTaO ceramic.
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photoluminescence excitation and emission measurements were made to determine
the luminsescent properties of these scintillator materials. Figures 6.19, 6.20, and 6.21
show both the X-ray excited radioluminescence and photoluminescence excitations and
emissions for each of these different ceramics. In Figure 6.19a, the un-doped LLTaO ceramic
shows the intrinsic tantalate emission as well as line emissions due to some rare-earth
impurity. Although for these samples 99.999% La2 O3 was used, there is now a different
rare-earth emission than what was seen with the samples in Chapter 5 synthesized using
99.99% La2 O3 . The Ce-doped LLTaO ceramics (Figures 6.19b, 6.21a, and 6.21b) all have
relatively dim emissions when compared to un-doped LLTaO, but with decreasing Ce
concentration, a Ce-doped garnet shaped luminescence is prevalent. Pr-doped LLTaO
ceramics (Figures 6.20a and 6.20b), all have intense Pr-emission related to the 4f-4f Pr
transition as well as the intrinsic tantalate emission around 410 nm. It is likely the case
that all of the ceramics are slightly oxygen deficient due to the highly reducing conditions
during uni-axially hot-pressing, however, due to complete losses in optical transparency in
previous attempts to air anneal hot-pressed LLTaO ceramics, it was decided to not anneal
these ceramics until after future removal of residual porosity via hot isostatic pressing.
While the intensities of the emissions are relatively low, the un-doped LLTaO ceramic
was coupled to a PMT and the pulse height spectra (Figure 6.22) was collected for a Cs137 gamma-ray source as well as an Am-241 alpha source. This small but present peak
represents the first pulse height spectra measured with a Li-containing transparent garnet.
Using a much longer measurement time, the pulse height spectra in Figure 6.23a was
collected showing the 662 keV peak from the Cs-137 gamma-ray source as well as a very
broad peak at higher energies. This peak at higher energies is likely the result of an intrinsic
radiation background due to the decay of La-138 in addition to a K-40 background. This is
seen in other lanthanum containing scintillators such as LaBr3 :Ce. Figure 6.23b shows the
intrinsic background of LaBr3 :Ce as measured by itself. Due to the higher light yield and
energy resolution of LaBr3 :Ce, the different decays from both La-138 as well as the natural
background are easily discernible where they are not in the LLTaO ceramics. Although an
absolute light yield measurement was not feasible, the light yield of the LLTaO ceramic
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Figure 6.15: X-ray diffraction spectra of single garnet phase un-doped LLTaO ceramic
hot-pressed under vacuum at 1300 °C and 33 MPa for 1 hour that is representative of all
ceramics pressed under the same conditions.
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(a) Un-doped.

(b) 1% Ce-doped.

Figure 6.16: Inline transmission spectra of LLTaO ceramics uni-axially hot-pressed at 1300
°C and 33 MPa for 1 hour.
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(a) 0.25% Pr-doped.

(b) 0.5% Pr-doped.

Figure 6.17: Inline transmission spectra of LLTaO ceramics uni-axially hot-pressed at 1300
°C and 33 MPa for 1 hour.
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(a) 0.5% Ce-doped.

(b) 0.25% Ce-doped.

Figure 6.18: Inline transmission spectra of LLTaO ceramics uni-axially hot-pressed at 1300
°C and 33 MPa for 1 hour.
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(a) Un-doped.

(b) 1% Ce-doped.

Figure 6.19: X-ray excited radioluminescence and photoluminescence excitation and
emission of LLTaO ceramics uni-axially hot-pressed at 1300 °C and 33 MPa under vacuum
for 1 hour.

123

(a) 0.25% Pr-doped.

(b) 0.5% Pr-doped.

Figure 6.20: X-ray excited radioluminescence and photoluminescence excitation and
emission of LLTaO ceramics uni-axially hot-pressed at 1300 °C and 33 MPa under vacuum
for 1 hour.
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(a) 0.5% Ce-doped.

(b) 0.25% Ce-doped.

Figure 6.21: X-ray excited radioluminescence and photoluminescence excitation and
emission of LLTaO ceramics uni-axially hot-pressed at 1300 °C and 33 MPa under vacuum
for 1 hour.
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Figure 6.22: The first pulse height spectra collected of an un-doped LLTaO transparent
ceramic from a Cs-137 662 keV gamma source and from the alphas of Am-241 source.
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was compared to a BGO single crystal reference. This comparison, in Figure 6.24, shows
that the Cs-137 662 keV peak in the BGO reference is centered at channel 152 where
as the LLTaO peak is centered at channel 74. This difference in position is a result of a
combination of two factors, residual light scattering in the LLTaO ceramic and a likely
lower light yield of the LLTaO ceramic compared to BGO. The light collected in the LLTaO
peak is approximately 50% of the BGO reference as a result of these two aforementioned
factors. Figure 6.25 shows both the background and the Cs-137 pulse height spectra of
the 0.5% Pr-doped LLTaO ceramic uni-axially hot-pressed at 1300 °C and 33 MPa for 1
hour. The clear disappearance of the peak at channel # 71 when the Cs-137 source is
removed confirms that this peak is due to energy deposited by the 662 keV gamma from
the Cs-137 source. These results provide a basis for the further exploration of this material
as a transparent ceramic scintillator.

6.5 Conclusion
Through balancing grain growth and pore removal rates by rigorous control of uni-axial
hot-pressing conditions, transparent ceramics were made of un-doped, Ce-doped, and
Pr-doped Li5 La3 Ta2 O12 . Optical transparency was found to increase with increasing
temperatures up to 1300 °C and decrease with increasing uni-axial hot-pressing pressure
above 33MPa. Removal of residual porosity through hot isostatic pressing could further
improve the optical quality by achieving fully dense ceramics. The first pulse height
spectrum of a Cs-137 gamma source and an Am-241 alpha source of an un-doped LLTaO
transparent ceramic were measured.
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(a) Un-doped LLTaO Cs-137 pulse height spectra.

(b) LaBr3 :Ce background pulse height spectra.

Figure 6.23: Pulse height spectra of an un-doped LLTaO transparent ceramic from a Cs-137
662 keV gamma source and the LaBr3 :Ce background pulse height spectra showing the
intrinsic La-138 background.[5]
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Figure 6.24: A comparison of an un-doped LLTaO transparent ceramic to a single crystal
BGO reference to better understand the relative light yield of the ceramic to a fully
transparent BGO reference.
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Figure 6.25: The first pulse height spectra collected of an 0.5% Pr-doped LLTaO transparent
ceramic from background and a Cs-137 662 keV gamma source.
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Chapter 7
Summary and Conclusions
7.1 Summary
Over the past 70 years, Li-containing scintillators have been researched; yet, relatively
few efficient dual-mode detector materials have been discovered. The currently available
Li-containing scintillators are relatively low density, very difficult to grow, and are highly
hygroscopic. These limitations make the wide-spread use of Li-containing scintillators
by the nuclear security industry both inefficient and expensive. The ideal dual-mode
detector material for hand-held systems should be non-hygroscopic optically transparent
compound with a high Z-effective, high density and a high Li content that can be produced
using a scalable, cost efficient synthesis process. Currently, no such material is available
and the goal of this dissertation was to provide a foundation for discovering novel potential
materials.
Through the work presented in this dissertation, a new family of Li-containing garnets
has been introduced as possible dual-mode detector materials. Through the development
of a process to produce optically transparent Li5 La3 Ta2 O12 ceramics using a sol-gel
compound synthesis method and consolidation via uni-axial hot-pressing, the potential
application as a dual-mode detector for hand-held passive detection systems of these
materials has been revealed.
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A flexible alkoxide sol-gel process employing an excess of lithium to compensate for
the volatility of lithia during high temperature processing was investigated and found
to be most successful when a starting Li:La:Ta ratio of 5.75:3:2 was used. The ideal
crystallization temperature to minimize both volatility of lithia and grain growth and
subsequent agglomeration of powders was found to be 900 °C by characterizing the
thermal processing conditions using a combination of simultaneous differential scanning
calorimetry and thermogravimetric analysis and high-temperature X-ray diffraction. Near
theoretical density LLTaO ceramics were synthesized using uni-axial hot-pressing at 1200
°C and 67 MPa for 1 hour under vacuum or flowing Ar gas. The rate of lithia volatility
was found to not be effected by the different hot-pressing conditions, however since
ceramics hot-pressed under vacuum conditions were found to be more dense than their
Ar counterparts, vacuum conditions were pursued further.
Ceramics hot-pressed at 1200 °C and 67 MPa were studied using scanning electron
microscopy, energy-dispersive X-ray spectroscopy, and electron back-scatter diffraction.
It was found that ceramics pressed under these conditions had areas of poorly sintered
material, Ta-deficient inclusions and intragranular pores. After further investigating the
uni-axial hot-pressing temperatures and pressures, it was found that higher temperatures
and lower pressure further improved the optical transparency of the resulting ceramics.
Transparent un-doped, 1% Ce, 0.5% Ce, 0.5% Pr, 0.25% Pr and 0.25% Ce -doped LLTaO
ceramics were synthesized through uni-axial hot-pressing under vacuum at 1300 °C and
33 MPa for 1 hour. The Cs-137 pulse height spectra that were then collected from both
the un-doped and 0.5% Pr-doped LLTaO ceramics were the first to be reported for any Licontaining garnet dual-mode detector candidate. The light collected from the Cs-137 662
keV gamma in the un-doped LLTaO ceramic is approximately 50% that of fully transparent
single crystal BGO reference.
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7.2 Future Development
Further exploration into the this family of Li-containing garnets as dual-mode detector
materials should be pursued and this section makes specific recommendations for future
studies of the entire family as well as further development of LLTaO. For LLTaO, hot isostatic
pressing conditions should be optimized for ceramics made using the process described
in this work and attempts to do so are underway.In addition to or as an alternative to HIP,
longer uni-axial hot-pressing times should be investigated as a potential means to achieve
a more dense ceramic with less light scattering. After a fully dense ceramic is achieved,
annealing of the ceramics should be done in order to balance charge compensation effects
such as oxygen vacancies or interstitial Li.
The family of lithium containing garnets provide potential candidates for dual-mode
transparent ceramic scintillators and a systematic study of the scintillation characteristics
should be done of each member. Compositions of particular interest may include
Li6 X2+ La2 Ta2 O12 where X2+ = Ba, Ca or Sr, as these compositions should have intrinsic
luminescence properties similar to LLTaO and the sol-gel process described in this work
should be directly applicable to these compositions.

7.3 Conclusion
From the results reported in this dissertation work, it has been shown that through careful
selection of an appropriate compound synthesis method and meticulous control over
consolidation conditions, transparent Li-containing ceramics can be synthesized. It has
also been proven that these materials have the possibility of being potentially useful
scintillation detector materials. This family of Li-containing garnets offer a new group
of materials that could hold the ideal dual-mode detector material that would be a nonhygroscopic optically transparent compound with a high Z-effective, high density and
a high Li content that can be produced using a scalable, cost efficient synthesis process.
Further research into other compositions within this family as well as improvement in the
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optical transparency through hot isostatic pressing of LLTaO ceramics should be pursued
and could result in the largest forward progress in dual-mode detector materials since the
Li-containing elpasolites.
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